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specie  COoflOl)  which  can  re-radiate  at  2.7  pm  via  lOl^OOO  or  at  4.3  pm  via 
101-t-lOO,  the  latter  process  is  predicted  to  be  a  major  nuclear  effect  at  4.3 
pm  under  certain  conditions  since  theoretically  it  is  predicted  to  occur  more 
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effort  was  to  confirm  this  prediction,  our  initial  results  place  a  lower  limit 
of  10:1  on  the  branching  ratio.  This  low  precision  result  can  be  enhanced  by 
utilizing  simple  techniques  that  were  not  within  the  scope  of  the  initial 
effort,  namely  by  the  use  of  (1)  well  documented  techniques  for  improving 
laser  frequency  stability,  (2)  a  cooled  2.7  pm  filter  mounted  in  the  detector 
dewar,  (3)  a  multiple  pass  fluorescence  cell,  and  (4)  faster  electronics  for 
recording  the  2.7  pm  signal.  Implementation  of  these  techniques  should  im¬ 
prove  the  precision  of  the  measurement  by  more  than  2  orders  of  magnitude. 
Additionally,  the  initial  effort  has  demonstrated  the  applicability  of  the 
laser  source  and  peripheral  vacuum  and  electronics  equipment  for  the  high  pre¬ 
cision  measurements  of  quenching  &  vibration  transfer  rate  coefficients.  /In 
this  effort  a  precision  rate  for  the  quenching  of  COg^i)  by  Argon  was  deter¬ 
mined  as  was  a  rate  for  rapid  resonance  vibration  transfer  between  the  natu¬ 
rally  occurring  isotopic  species  of  CO2  and  N2. 

The  data  evaluation  project  included  two  tasks.  First,  to  improve  our  exist¬ 
ing  model  for  auroral  zenith  spectral  radiance  to  include  N2O  and  CO  in  addi¬ 
tion  to  CO2  and  to  exercise  the  improved  model  against  rocket  borne  CVF 
spectrometer  data  in  the  4.5  to  4.6  pm  region  that  were  obtained  in  auroral 
conditions  on  12  March  1975. 

Highlights  of  the  study  were  as  follows,  (i)  prompt  auroral  N2O  and/or  CO 
emissions  might  explain  in  part  the  data  near  4.5  -  4.6  pm  provided  that 
severe  constraints  concerning  the  observability  of  the  ambient  radiance  of 
these  species  can  be  satisfied,  (ii)  spectral  radiance  data  near  4.42  pm  can¬ 
not  be  explained  via  CO2,  N?0,  or  CO  emission,  (iii)  potential  mechanisms  for 
prompt  auroral  N2O  and/or  CO  emission  include  (1)  N2(A)  +  O2  N20(001)  +  0, 

and  (2)  N0+(v)  +  {^}-*M)+(v-l)  +  ^o?V*l)^*  but  tbese  are  not  exclusive, 

(iv)  the  4.3  pm  data  taken  on  12  March  1975  are  consistent  with  our  model  for 
CO2  emission. 

To  achieve  a  better  understanding  of  the  12  March  1975  CVF  data  in  the  4.4  to 
4.7  pm  region  it  will  be  necessary  to  (1)  examine  the  spectral  data  obtained 
12  March  1975  in  more  detail,  (2)  examine  data  from  related  experiments,  and 
(3)  include  N0+  in  the  spectral  model. 

The  second  data  evaluation  task  was  to  subject  absorption  data  obtained  in  a 
prior  laboratory  fluorescence  experiment  which  used  a  chopped  blackbody  2.7  pm 
source  to  a  detailed  analysis  In  order  to  resolve  apparent  Inconsistencies 
that  a  previous,  simplified  analysis  of  these  data  had  suggested.  The 
detailed  analysis  Included  the  effects  of  detailed  radiation  transport,  wall 
reflectivity,  temperature  difference  between  the  fluorescence  and  absorption 
cell,  spatial  diffusion  of  excitation  within  the  fluorescence  cell,  and 
finally,  atmospheric  absorption  on  exposed  optical  paths  adjoining  the  system 
components . 
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1.0  INTRODUCTION 


This  report  documents  our  coordinated  laboratory  and  data  evaluation  research 
efforts  which  are  relevant  to  the  DNA  program  for  developing  capability  to  pre¬ 
dict  nuclear  enhanced  atmospheric  infrared  background  radiance. 

1.1  The  Fluorescence  Experiment 


The  laboratory  effort  is  aimed  at  achieving  confirmation  of  the  CO^  2.7  to  A. 3pm 
pumping  mechanism.  The  mechanism  has  been  predicted  theoretically  by  James  and 
Kumer  (1973a)  The  mechanism  involves  excitation  via  C0^  absorption  of  2.7pm 
radiation 
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The  COg  can  also  decay  and  emit  2.7  pa  radiation  via 
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James  and  Kumer  (1973a)  theoretically  predict  that  the  radiative  decay  of  C02 
C02  ^101^  **  aPProximateiy  95K  likely  to  occur  by  fluorescent  emission  of  4.3pm 

radiation  via  process  (2)  and  about  5%  likely  to  occur  by  re-emission  of  2.7pm 
radiation  via  process  (3).  The  mechanism  is  theoretically  predicted  to  dominate 
the  formation  of  the  4.3pm  earthllmb  near  the  tangent  altitude  80  km. 

The  mechanism  is  also  predicted  to  contribute  to  major  brightening  of  the  4.3pm 
aarthllmb  at  points  far  removed  from  a  nuclear  detonation  for  long  time  periods 
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(=100  sec.)  under  certain  conditions.  These  nuclear  implications  were  first 

addressed  by  James  and  Kumer  (1973b)  and  were  reviewed  at  the  Falmouth,  Mass., 

DNA  IR  data  review  meeting  by  Kumer  (1977).  The  James  and  Kumer  theoretical 

prediction  that  the  probability  is  =95%  that  the  CO^  levels  101  and  021  should 

decay  by  emission  of  4.3  rather  than  2.7pm  radiation  is  an  essential  element  of 

the  nuclear  mechanism.  There  is  a  second  potential  nuclear  effect  in  which 

the  00^  branching  ratio  for  emission  to  4.3  rather  than  2.7pm  from  the  states 
021 

C02  plays  a  major  role.  Namely  these  CO^  species  have  been  mentioned  as 

potential  candidates  for  the  upper  state  of  a  possible  long  lived  2.7pm  auroral 
emission  which  has  been  noted  in  the  ICECAP  data  by  Mitchell  (1977).  If  there 
is  indeed  a  long  lived  component  of  2.7pm  auroral  emission,  then  it  would  have 
profound  implications  for  the  nuclear  case.  Since  the  C<>2  2.7  to  4.3pm  pumping 
mechanism  may  impact  on  both  4.3pm  and  2.7pm  nuclear  interference  it  is  essen¬ 
tial  to  obtain  laboratory  confirmation. 

A  major  complication  in  achieving  a  laboratory  confirmation  of  direct  C02 
2.7  to  4.3pm  fluoresence  via  processes  (1-1)  and  (1-2)  and  in  measuring  the 
branching  ratios  for  4.3pm  emission  by  process  (1-2)  compared  to  2.7pm  emission 
by  process  (1-3)  is  the  existence  of  a  competitive  mechanism  which  indirectly 
produces  4.3pm  fluorescence,  namely 

C02  Imi  +  °°2  (000>-v  cos  IS!  +  C02  (001)  a'4) 

followed  by 

COg  (001)  -  C02  (000)  +  hv4<3  m '  •  (1-5) 

This  mechanism  is  not  Important  at  high  altitudes  in  the  atmosphere  where 
the  low  C02  number  densities  favor  processes  (1-2)  and  (1-3) .  However,  the 


mechanism  does  impose  severe  restrictions  on  performance  of  laboratory  studies 
of  processes  (1-2)  and  (1-3).  For  example,  the  use  of  a  chopped  black  body 
2.7pm  source  to  study  processes  (1-2)  and  (1-3)  has  been  shown  impractical 
since  this  source  is  not  intense  enough  to  produce  a  detectable  signal  for  CO^ 
partial  pressures  low  enough  so  that  the  processes  (1-2)  and  (1-3)  are 
competitive  with  the  process  (1-4). 

In  this  report  we  document  our  initial  efforts  to  study  the  processes  (1-2), 

(1-3)  and  (1-4)  by  the  use  of  a  Chromatix  CMX-4  and  Infrared  Accessroy  CMX-4/ 

IR-V  laser  system  which  is  tuneable  in  the  2.7pm  region  and  which  provides  a 
2.7pm  source  intense  enough  so  that  CO^  partial  pressures  can  be  reduced  to  the 
point  where  the  processes  (1-2)  and  (1-3)  are  competitive  with  (1-4). 

Our  initial  effort  has  shown  the  branching  ratio  for  process  (l -2)  rather 
than  (1-3)  is  greater  than  or  equal  to  approximately  10:1.  This  low  precision 
lower  limiting  result  is  not  completely  satisfactory,  however  the  precision  can 
be  vastly  improved  by  utilizing  a  number  of  simple  techniques  that  were  not  in 
the  scope  of  our  initial  effort,  namely  the  use  of  (l)  well  documented  techniques 
for  improving  laser  frequency  stability,  (2)  a  cooled  2.3  pm  filter  mounted  in 
the  detector  dewar,  (3)  a  multiple  pass  fluorescence  cell,  and  (4)  faster 
electronics  for  recording  the  2.7  pm  signal. 

Additionally,  the  initial  effort  has  demonstrated  the  applicability  of  the  laser 
source  and  peripheral  vacuum  and  electronics  equipment  for  the  high  precision 
measurements  of  quenching  vibration  transfer  rate  coefficients.  In  this  effort  a 
precision  Argon  quenching  rate  was  determined  as  was  a  rate  for  rapid  resonance 
vibration  transfer  between  the  naturally  occurring  isotopic  species  of  COg  and  Ng 


mm* 
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1.2  THE  DATA  EVALUATION  EFFORT 


The  data  evaluation  effort  included  two  tasks.  Cl)  the  evaluation  of  auroral 
zenith  radiance  data  in  the  4.5  to  4.6pm  region  (Stair,  1977)  that  were 
obtained  by  a  rocket  mounted  CVF  spectrometer  on  3/12/75,  and  (2)  a  detailed 
evaluation  of  laboratory  data  obtained,  in  a  previous  effort  (Rumer  and  James,  1977) 
which  utilized  a,  chopped  black  body  2.7pm  source  and  attempted  to  utilize  a 
(X>2  absorption  cell  to  discriminate  the  weakly  self  absorbed  direct  4.3pm 
fluorescence  formed  by  process  (1-2)  from  the  strongly  self  absorbed 
indirect  4.3pm  fluorescence  that  is  formed  by  processes  (1-4)  and  (1-5). 

FIELD  DATA  EVALUATION:  The  4.5  to  4.6pm  spectral  region  may  become  important 
for  some  potential  systems  applications  and  the  apparent  presence  of  an 
auroral  signal  in  this  spectral  region  indicates  a  requirement  to  identify 
a  mechanism  or  mechanisms  in  order  to  facilitate  extrapolation  to  the  nuclear 
case.  Our  previous  model  (Kumer  and  James,  1977)  for  auroral  zenith  spectral 
radiance  near  4.3pm  included  just  CO2  as  the  emittor  and,  therefore,  predicts 
essentially  no  auroral  signal  in  the  4.5  to  4.6pm  region.  In  this  effort  we 
attempted  to  explain  the  4.5  to  4.6pm  data  by  the  inclusion  of  ^0  and  CO  into 
our  spectral  model. 

Highlights  of  the  study  were  as  follows: 

o  Prompt  N2O  and/or  CO  emissions  might  explain  in  part  the  data  near  4.5  - 

4.6pm  provided  that  severe  constraints  concerning  the  observability  of 

the  aihbient  radiance  of  these  species  can  be  satisfied. 
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o  Spectral  radiance  data  near  4.42pm  cannot  be  explained  via  CO^,  N^O 


or  CO  emission 

o  Potential  mechanisms  for  prompt  auroral  N«0  and/or  CO  emission  include 

N?0 

(1)  N2(A)  +  02  -*•  N20C001)  +  0  and  (2)  NO+(v)  +  {  ^  }-*N0  (v-1)  + 
^CO(v-l)^'  ^ut  t*lese  are  not  exclusive* 
o  The  4.3pm  data  taken  on  3-12-75  are  consistent  with  our  airglow  and 
auroral  models  for  CO^  emission. 

To  achieve  a  better  understanding  of  the  3/12/75  CVF  data  in  the  4.4  to  4.7pm 
region  it  will  be  necessary  to  (1)  examine  the  spectral  data  obtained  3/12/75 
in  more  detail,  (2)  examine  data  from  related  experiments  (HIKIS  and  SPIBE 
for  example)  and,  (5)  include  N0+  in  the  spectral  model. 

LABORATORY  DATA  EVALUATION:  In  a  previous  laboratory  effort  which  used  a 
chopped  black  body  2.7pm  source  (James  and  Kumer,  1977),  a  CO^  absorption  cell 
was  employed  in  an  attempt  to  distinguish  weakly  self  absorbed  direct  4.3pm 
fluorescence  from  the  strongly  self  absorbed  indirect  4.3pm  fluorescence. 

The  scope  of  the  effort  permitted  just  a  preliminary  evaluation  of  these  data 
which  assumed  a  single  absorption  and  reemission  for  each  photon  and  which 
assumed  black  walls  for  the  fluorescence  and  absorption  cells.  The  results  of 
this  analysis  were  not  consistent  with  our  independent  analysis  of  the  behaviour 
of  these  data  as  a  function  of  source  chopper  frequency,  and  were  also  not 
consistent  with  pertinent  data  reported  by  other  authors  (Finzi  and  Moore,  1975). 

Our  purpose  then  was  to  subject  these  absorption  data  to  more  detailed  scrutiny 
in  an  attempt  to  resolve  the  apparent  inconsistences.  To  this  end  we  quanti¬ 
tatively  examined  the  effects  of  detailed  radiation  transport,  wall  reflectivity, 
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temperature  difference  between  the  fluorescence  and  absorption  cell,  spatial 
diffusion  of  excitation  within  the  fluorescence  cell,  and  finally,  atmospheric 
absorption  on  exposed  optical  paths  adjoining  the  system  components. 


Taken  individually  each  of  these  effects  nudged  the  interpretation  of  the 
absorption  data  towards  consistency,  however,  the  sum  of  the  effects  is  still 
not  sufficient  to  resolve  the  inconsistency.  Additionally,  the  absorption 
measurements  are  also  inconsistent  with  our  most  recent  laboratory  data 
obtained  with  the  2.7ytn  laser  source.  We  can  only  conclude  that  although  we've 
quantitatively  tested  every  effect  that  was  obvious  to  us,  there  is  still  some  key 
effect,  perhaps  geometric,  that  needs  to  be  accounted  for  to  resolve  the 
apparent  inconsistency  of  the  absorption  data. 


2.0  THE  FLUORESCENCE  MEASUREMENTS 


The  laboratory  effort  proceeded  in  a  logical  order  of  increasingly  sophisticated 
tasks.  It  begem  with  the  establishment  and  implementation  of  procedures  for 
tuning  the  2.7  J-im  laser  system  output  on  to  absorbing  CO^  lines,  this  task  is 
discussed  in  Section  2.1.  The  next  step  was  to  set  up  and  use  equipment  to 
record  the  4.3  pm  fluorescence  data,  and  to  sensibly  interpret  these  data,  this 
effort  is  described  in  Section  2.2.  The  final  and  most  sophisticated  task 
involved  setting  up,  testing  out,  calibrating,  and  utilizing  equipment  to 
simultaneously  record  the  laser  pumped  CC^  emission  at  both  2.7  and  4.3  pm> 
and  to  extract  the  branching  ratio  for  emission  at  4.3  pm  relative  to  2.7  |im 
from  these  data,  this  final  effort  is  described  in  Section  2.3. 

2.1  Laser  System  Description 

The  basic  characteristics  of  our  laser  system  are  summarized  in  Figure  2-la. 

The  laser  consists  of  a  Chromatix  CMX-4  Flash  lamp  pumped  dye  laser  plus  an 
optical  parametric  oscillator  consisting  of  a  LiNbO^  crystal  in  a  temperature 
regulated  oven.  The  visible  output  of  the  dye  laser  is  dependent  on  the  particular 
dye  selected.  For  a  particular  dye,  the  output  is  tuned  over  the  allowable 
spectral  interval  for  that  dye  by  the  rotation  of  a  birefringent  filter  placed 
between  two  polarizers.  The  resulting  output  has  a  total  bandwidth  of  about 
3  cm"1.  This  output  can  be  further  narrowed  by  means  of  e talons  which  are 
placed  within  the  laser  cavity,  the  particular  etalon  desired  being  placed  in 
position  by  rotation  of  a  filter  wheel.  With  a  low  finesse  etalon  in  place, 
the  output  can  be  narrowed  to  0.25  to  0.35  cm  \  and  with  a  high  finesse  etalon 
in  place  the  output  can  be  narrowed  to  0.1  to  0.15  cm  \ 
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The  output  from  the  CMX-4  laser  is  then  passed  through  the  Optical  Parametric 

Oscillator  (0P0)  with  the  result  that  the  visible  beam  is  split  into  two 

infrared  beams  which  satisfy  the  energy  conservation  equation  o>  *=  u.  +  u>. 

p  s  i 

where  cjd  is  tne  visible  pump  frequency  and  o>  and  a),  are  the  signal  and  idler 

p  SI 

frequencies  (which  are  the  shorter  and  longer  wavelength  infrared  beams 
respectively).  Tuning  is  accomplished  by  varying  the  temperature  of  the  oven 
containing  the  LiNbO^  crystal.  Figure  2-lb  shows  exanples  of  the  variation 
of  the  idler  wavelength  vs.  the  visible  pump  wavelength  for  two  different 
temperatures.  Our  experiments  were  done  by  selecting  a  visible  wavelength 
and  oven  temperature  which  produced  infrared  output  near  the  R(l8)  line  of 
the  101-000  band  of  CO^.  The  infrared  output  wavelength  was  determined  by 
means  of  a  small  Jarrell-Ash  monochromator. 

Our  experiments  were  most  successful  using  the  low  finesse  etalon  in  the  CMX-4. 

Corresponding  to  the  0.3  cm  ^  envelope  of  visible  output,  the  output  at 

-1 

2.68  microns  was  calculated  to  be  about  0.15  cm  by  using  the  information 
contained  in  the  tuning  curves  (Figures  2-lb).  From  the  spacing  of  the  cavity 
mirrors  in  the  0P0  and  the  refractive  index  of  the  LiNbO^  crystal,  it  can  be 
calculated  that  the  infrared  output  at  2.7  dm  consists  of  modes  with  a  spacing 
of  0.027  cm  1.  Thus,  under  the  conditions  of  our  experiments,  the  infrared 
output  consisted  of  something  like  5  or  6  modes.  In  order  to  observe  fluores¬ 
cence,  it  is  necessary  to  place  these  individual  modes  on  a  C02  absorption  line. 
This  can  be  done  by  slight  changes  in  the  0P0  mirror  spacing  which  will  shift 
the  mode  pattern.  Changing  the  mirror  spacing  by  one-half  of  the  wavelength 
results  in  a  shift  of  the  pattern  by  one  mode  spacing.  The  method  we  have  used 
to  tune  the  infrared  output  onto  a  CO^  line  will  be  discussed  following  a  general 


description  of  the  experimental  setup  which  we  used  to  initially  observe  the 
fluorescence  at  4.3  Ma¬ 
in  our  initial  attempts  to  observe  the  fluorescence  at  4.3  nm,  we  used  the  same 
geometrical  arrangement  which  had  been  successful  in  our  earlier  studies  using 
a  blackbcdy  source,  namely  the  exciting  beam  directed  along  the  axis  of  a 
cylindrical  fluorescence  cell  and  the  detector  for  4.3  M®  radiation  also 
viewing  along  this  direction.  This  is  shown  in  Figure  2-2.  We  also  chose  a 
C02  pressure  of  1  torr  as  we  had  been  successful  in  detecting  4.3  [B  fluorescence 
at  this  pressure  in  our  earlier  studies.  In  order  to  be  sure  of  obtaining  a 
signal  we  used  a  considerably  higher  Argon  pressure  in  the  absorption  cell. 

This  was  done  so  as  to  broaden  the  CO^  absorption  lines  sc  that  if  the 
envelope  of  infrared  frequencies  was  centered  on  an  absorption  line  that  we 
could  be  assured  that  an  individual  mode  would  fall  within  the  absorption  line 
profile.  From  the  pressure  broadening  coefficient  for  CC^  +  Ar  the  full  width 
of  the  line  at  half  maximum  intensity  is  of  the  order  of  0.04  cm  ^  at  300  torr 
of  Argon.  Thus  this  pressure  assured  us  that  some  of  the  individual  modes 
would  fall  within  the  absorption  profile. 

The  ase  of  such  a  large  Argon  pressure  results  in  fairly  rapid  quenching  of 
the  4.3  M®  fluorescent  signal  so  that  it  was  necessary  to  be  able  to  measure 
the  signal  on  a  short  time  scale.  At  300  torr  of  Argon  the  4.3  M®  fluorescent 
signal  can  be  expected  to  have  a  lifetime  of  the  order  of  65  microseconds. 

The  observed  signal  from  an  InSb  detector  was  passed  through  a  pre -amplifier 
and  amplifier  which  had  a  time  constant  of  the  order  of  10  Msec.  This  signal 
was  then  fed  into  a  Hewlett-Packard  Model  5^21A  signal  averager  which  nad  the 
capability  of  sampling  the  input  signal  in  10  Msec  intervals.  Actual  tuning 


Fig.  2-2  Geometry  &  Electronics  for  Initial  4.3  pm  Fluorescence  Measurements 


of  the  infrared  output  from  the  0P0  onto  a  CO^  absorption  line  was  done  by 
monitoring  the  output  from  the  pre-amplifier  and  anplifier  on  an  oscilloscope 
as  the  visible  wavelength  into  the  0P0  was  varied. 

Although  initially  we  had  a  number  of  difficulties  in  observing  and  maintaining 
a  good  fluorescence  signal  at  4.3  pm,  improvements  in  the  Chromatix  system 
which  resulted  from  replacing  certain  faulty  components  plus  experience  gained 
in  operation  of  the  system  resulted  in  acquiring  data  on  the  signal  averager 
which  had  excellent  signal  to  noise,  even  though  the  system  was  still  erratic 
on  a  pulse  to  pulse  basis.  The  analysis  of  this  data  obtained  with  axial 
viewing  geometry  as  shown  on  Figure  2-2  is  described  in  the  following  section 
along  with  the  analysis  of  additional  4.3  pm  data  which  were  obtained  via  side 
viewing  geometry. 

In  the  process  of  working  with  the  laser  we  became  more  adept  at  acquiring  and 
maintaining  a  fluorescent  signal.  Our  procedure  is  to  take  the  3  cm  1  broad¬ 
band  output  of  the  CMX-4  visible  laser  without  the  etalons  in  place  and 
adjust  that  wavelength  so  that  for  the  operating  temperature  of  the  0P0,  the 
infrared  output  of  the  0P0  is  centered  near  the  line  R(l8)  of  the  101-000  band 
of  COg.  Once  this  has  been  fixed,  the  low  finesse  etalon  is  put  in  place  in 
the  CMX-4.  Since  this  narrows  the  output  in  the  infrared  to  about  0.15  cm”1, 
additional  tuning  is  necessary  to  place  this  infrared  output  on  a  CO^  line 
since  the  C02  lines  are  separated  by  about  1.6  cm  1.  This  tuning  is 
accomplished  by  tilting  the  etalon  which  results  in  a  scan  of  the  visible 
output  across  the  broad  3  cm”1  envelope  with  a  resultant  change  in  the  infrared 
wavelengths. 
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By  observing  the  output  from  the  InSb  detector  on  an  oscilloscope,  we 
determine  when  the  infrared  output  is  coincident  with  a  CO^  absoiption  line 
by  observing  fluorescent  pulses.  Additional  improvements  in  the  signal  could 
be  made  by  slightly  tilting  the  LiNbO^  crystal  which  has  been  shown  by 
Hbrdvik  and  Sackett  to  result  in  a  smoothing  out  of  the  distribution  of  the 
output  between  the  various  modes.  Slightly  tilting  one  of  the  0F0  cavity 
mirrors  results  in  slight  changes  in  the  mirror  spacings  which  produced  shifts 
in  the  mode  pattern.  By  this  process  of  making  minor  adjustments  we  found 
that  we  could  inprove  the  magnitude  and  stability  of  the  fluorescent  pulses. 

We  have  found  that  after  several  days  of  use,  the  stability  of  the  system 
decreases  considerably  which  is  presumably  due  to  the  deterioration  of  the 
Dye  over  a  period  of  time.  Failure  to  adequately  consider  this  was  the  cause 
of  some  of  our  initial  difficulties  with  the  operation  of  the  system.  We 
still  have  problems  in  that  the  fluorescence  is  not  stable  on  a  pulse  to 
pulse  basis.  Some  of  this  may  be  due  to  mechanical  vibrations  and  the  fact 
that  individual  modes  are  unstable  in  frequency  and/or  due  to  shifts  in  the 
output  between  various  modes  so  that  the  amount  of  energy  going  into  a  parti¬ 
cular  mode  which  is  coincident  with  a  CO^  line  is  varying  from  pulse  to  pulse. 
Steps  which  we  might  take  to  improve  this  stability  are  described  later  in 
this  report. 
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2.2. 1  Background  Characterization  at  4.3  pm 

There  are  sources  of  background  signal  that  need  to  be  characterized  in  urder 
tc  extract  the  fluorescence  signal  from  the  data.  These  backgrounds  are  shcwi 
on  Figure  2-3.  The  background  labelled  beam  blocked  is  obtained  by  blocking 
r,ne  laser  beam  and  then  making  a  1000  pulse  run.  The  run  is  performed  with  the 
detector  -  preamp  -  amplifier  -•  HF  5421A  Signal  Averager  configuration  functioning 
•as  shown  >n  Fig.  2-1  and  triggered  by  the  laser  electronics  but  there  is  no  laser 
"elated  light  allowed  to  fall  on  the  detector.  In  this  case  the  electronics  are 
seen  to  produce  what  might  be  thought  of  as  a  "DC  offset"  as  shown  by  the  background 
curve  labelled  "beam  blocked''  on  Fig.  2-3.  This  background  curve  may  be  the 
result  of  random  noise  in  the  electronics,  background  photon  fluctuations  on  the 
ietector,  or  perhaps  room  lights.  Its  level  is  found  to  be  slightly  dependent  on 
the  amplifier  gain  setting.  Our  analysis  was  restricted  to  data  obtained  with 
the  gain  set  to  100,  the  curve  "beam  blocked"  on  Fig.  2-3  was  obtained  at  this 
setting. 

Note  that  the  number  of  signal  averager  units  in  the  first  bin,  0  to  10  psec, 
is  depressed  with  respect  to  that  in  subsequent  bins.  This  seems  a  consistent 
feature  which  is  independent  of  whether  or  not  the  beam  is  blocked  and  whether 
or  not  there  is  fluorescing  CO^  in  the  cell.  To  avoid  complications  we  excluded 
data  in  the  first  bin  from  our  analysis  in  all  cases. 

Also  shown  on  Figure  2-3  are  two  curves  labeled  "preprocessed  empty  cell." 

^ese  are  the  results  of  runs  for  which  the  fluorescence  cell  is  evacuated  and 
for  which  the  laser  beam  enters  the  cell  unobstructed.  The  runs  differ  in  that 
a  larger  fraction  of  the  laser  beam  is  subtended  by  the  detector  in  one  case 
than  in  the  other,  this  is  done  by  slightly  tilting  or  offsetting  the  detector 


with  respect  to  the  beam.  Ihe  large  enhancement  in  the  first  few  bins  is  the 

result  of  leakage  of  2.7  n®  laser  light  through  the  wings  of  the  4.3  pm  filter. 

The  laser  light  pulse  duration  is  approximately  1  usee,  inspection  of  the 

curves  labelled  "preprocessed  empty  cell  on  Figure  2-3  indicates  the  electronics 

are  much  slower  than  1  nsec.  Also,  inspection  of  the  curves  "preprocessed 

empty  cell"  and  "beam  blocked"  suggest  the  former  might  be  the  sum  of  the  latter 

plus  a  component  that  is  the  response  of  the  electronics  to  a  very  fast  pulse 

input  Subtraction  of  the  latter  from  the  former  results  in  the  curves  labelled 

"processed  empty  cell  signal"  which  can  be  considered  the  electronics  response 

to  a  very  fast  pulse  input  at  the  detector.  This  response  looks  like  the  sum 

of  three  simple  exponential  curves  with  time  constants  which  axe  approximately 

*  10  nsec,  Tg  v  529  nsec,  and  1447  nsec.  The  normalized  electronics 

response  R  to  a  fast  pulse  at  the  detector  is  given  by  the  sum 
© 

R  -  Jp  R,  exp  (-t  tT1)  where  IL  «  .98922,  Rp  =  6.85  x  10“5  and 
s  i»l  1  1 

Rj  -  3.96  x  10-5. 
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2.2.2  Fluorescence  Analysis,  1  Torr  CO^,  500  Torr  Argon 

On  Figure  2-4  are  shown  data  (the  curves  labelled  data  cases)  taken  in  several 
runs  of  1000  pulses  and  with  1  Torr  CO^  and  500  Torr  Argon  in  the  fluorescence 
cell.  The  runs  were  taken  under  conditions  of  moderately  consistent  fluores¬ 
cence  as  determined  by  methods  described  above.  The  runs  were  taken  with  the 
detector  considerably  more  offset  from  the  laser  beam  than  was  the  case  in 
generating  the  curves  labelled  "preprocessed  empty  cell" on  Figure  2-5.  These 
curves  and  the  "beam  blocked"  curve  are  reproduced  on  Figure  2-4  for  comparative 
purposes.  Even  though  the  beam  is  further  offset  from  the  detector  than  was 
the  case  in  generating  the  "preprocessed  empty  cell"  background  characterization 
curves  shown  on  Figures  2-5  and  2-4,  the  presence  of  the  fluorescence  produces 
an  increase  in  signal  over  these  cases  by  about  500  to  1000  signal  averager 
units  in  the  range  t  2:  50  to  100  jisec. 

To  analyze  these  data  we  subtract  the  "beam  blocked’'  curve  from  the  data  and 

fit  two  conponents  to  the  remainer  which  is  the  curve  labelled  "processed  data" 

on  Figure  2-5.  One  of  the  components  should  be  due  to  laser  light  leakage  and 

should  have  temporal  dependence  identical  with  the  "processed  empty  cell"  curve 

shown  on  Figure  2-5.  The  second  component  is  due  to  fluorescence  of  CO^  at 

4.5  nm.  This  latter  component  is  considered  to  produce  a  detector  signal  which 

decays  like  where  q  is  the  quenching  rate  of  CO^v^)  by  argon, 

q  =  k^[A]  where  k^  **  1.5  x  10  ^  cm^/see  (James  and  Kumer,  1977) 

19  -3 

and  [A]  —  1.06  x  10  cm  since  there  is  500  Torr  of  argon  in  the  cell,  hence 

-2 

q  —  1.59  x  10  /nsec.  The  finite  response  time  of  the  electronics  modifies  is 
the  fluorescence  signal  F  so  that  it  ultimately  is  given  by 
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SIGNAL  AVERAGER  UNITS 


Pig.  2-4  Data  Cases  for  1  Torr  C09  and  300  Torr  Argon 
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CURVE  4  THE  DATA 

CURVE  3  SCATTERED  LIGHT  LEAKAGE 

CURVE  2  FLUORESCENT  COMPONENT 

CURVE  1  SUM  OF  3+2 


u  1 1  acturv— 


1ST  SET  OF  1  C02.300  ARGON  DATA  IS  FIT  ••••**  °°" 


10 


10 


10 


10 


10 


10 


q.  =  1.59E  -  2/|asec  (  T  =“  62  |isec  ) 

m 

Fig.  2-5  Fit  to  First  Data  Set 


F(t)  =  iil  Ri  Ti  /  "  Ti1)(exP  (-t  T"’1)  -exp(-qt)) 


The  temporal  dependence  of  the  "processed  empty  cell"  component  is  given  by 
Re(t)  and  of  the  fluorescence  component  by  F(t),  the  "processed  data"  D^(t) 
may  be  fit  by  a  sum  (t)  =“  RQ(t)  +  F(t)  where 

the  coefficients  A^  and  A^,  are  determined  by  a  least  squares  fit  technique. 
The  least  squares  technique  used  to  obtain  A^  and  A^  proceeds  as  follows, 
define 


then  set 


dQ 

"b 


0 


_  d2_ 

" 


(2-1) 


and  solve  for  and  A^.  To  obtain  and  A^  as  illustrated  by  Figure  2-5  , 
just  the  first  ko  signal  averager  bins  (t^  ^  hOO  psec)  were  utilized.  The  fit 
is  not  particularly  good  in  the  region  t  ^  J00  psec  but  this  is  to  be  expected 
since  the  form  of  equation  (2-1)  preferentially  weights  the  points  associated 
with  the  largest  value  of  D  (t). 


It  is  possible  to  use  the  data  D  (t)  to  determine  k  as  follows,  set 

P  A 


Dp  =  \Se  6  \  ¥  *  *  **  dj  (2-2) 

and.  solve  for  A_,  6A^  and  Sq  by  a  least  squares  fit  technique  in  order  to 
determine  new  values  for  Ap  and  q,  namely  A_  -»  Ap  +  6Ap  and  q  -  q  +  6q,  iterate 
until  convergence  is  achieved.  The  results  of  application  of  this  technique 
to  the  processed  data  set  D  (t)  are  shown  on 

£r 
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Figure  2-6*  the  value  q  =  1.65  x  10  /  psec  achieves  the  best  fit  to  the  data. 

Results  of  applying  the  technique  to ’^processed  data"  obtained  in  two  additional 

1000  pulse  runs  at  1  Torr  C0^  and  300  Torr  Argon  are  shown  on  Figures  2-7  and  2-8, 

-2 

The  values  of  q  that  best  fit  these  data  runs  are  q  =  1,55  x  10  and 

-2 

1.66  x  10  /  psec  respectively.  From  analysis  of  these  three  runs  we  find 

q  =  (1.62  ±  .05)  x  10 "2  /  nsec 

this  high  precision  determination  of  q  is  consistent  with  the  literature  value 
for  kA. 

In  summary^  our  first  recorded  fluorescence  measurements  were  performed  in  the 
geometry  shown  in  Figure  2-2  since  we  were  initially  most  successful  in  observing 
fluorescence  on  the  oscilloscope  when  this  geometry  was  employed.  The  high  argon 
pressure  300  Torr  was  used  in  order  to  broaden  the  CO^  lines  to  facilitate  tuning 
the  laser  light  onto  the  absorption  lines.  The  absorption  line  full  width  half 
max  is  0.04  cm”1  and  the  spacing  between  the  lines  about  1.6  cm  \ 

A  fluorescence  signal  with  large  signal/ noise  was  clearly  evident  in  the  three 
runs  that  were  selected  for  analysis.  The  background  was  found  to  be  both 
consistent  and  sitrple  to  characterize.  It  was  possible  to  extract  the  quenching 
rate  q  of  CO^Cv^)  by  argon  to  better  than  4$  precision  from  the  data  that  was 
analyzed. 

2.2,3  Side  Looking  Geometry 

In  preparation  for  the  ultimate  branching  ratio  measurement  a  second  intermediate 
step  involving  side  viewing  of  4.3  dm  fluorescence  needed  to  be  taken.  The  main 
purpose  was  to  demonstrate  that  good  signal  to  noise  could  be  achieved  at  4.3  pm 
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RESULT  OF  NON  LINEAR  LEAST  SQUARE  FIT 
Qin  “  159  E-2/|asec 
qout  =  1,65  ^-2/i-isec 


FIT  BY  REGRESSION 


TIME  IN  MICROSECONOS 


Fig.  2-6  First  Data  Set  Is  Fit  by  Nonlinear  Least  Squares 
Technique 


SIGNAL  AVERAGER  UNITS 


with  side  viewing  geometry  for  CO^  partial  pressures  low  enough  so  that 

the  time  constant  ^  for  decay  of  the  CO^  laser  pumped  excited  states  1C1  and 
021  by  the  process  (q^)  +  000  ^020^  +  001  should  be  long  compared  to  the 

duration  (*■  1  nsec)  of  the  laser  pulse.  The  time  constant  is  reported  (Finzi 
and  Moore,  1975)  to  be  t0  =  0.25  fisec/P  where  Ppn  is  measured  in  Torr. 

Hence  it  was  necessary  to  show  that  good  4.3  [im  signal  to  noise  could  be  achieved 
for  partial  pressures  P  of  the  order  .025  Torr  or  less  such  that  t  »  1  nsec. 

™ • i 

To  this  end  we  describe  the  analysis  of  3ome  4.3  fluorescence  data  obtained  with 
the  side  viewing  geometry  and  the  electronics  that  are  shown  on  Figure  2-9* 
and  with  P^  =*  30  Torr.  The  electronics  employed  in  the  side  viewing  configura¬ 
tion  shown  on  Figure  2-9  were  identical  to  those  described  above  in  Section  2.1.2. 
The  cell  was  designed  so  the  laser  light  could  be  passed  as  shown  on  Figure  2-9 
through  diametrically  aligned  sapphire  windows  of  radius  =“  9  mm.  In  this  way  it 
could  also  be  possible  to  simultaneously  view  the  fluorescing  region  from  both  sides 
of  the  cexl, 

2.2.4  Analysis  for  0.03  Torr  CCL  and  50  Torr  A 

Two  side  viewing  preprocessed  data  cases,  with  0.03  Torr  CO^  and  50  Torr  A  in 
the  cell,  are  shown  on  Figure  2-10  in  comparison  with  the  "beam  blocked"  and 
"preprocessed  empty  cell"  data  that  were  shown  previously  on  Figure  2-3  above. 

For  r  ^  70  nsec  these  preprocessed  data  show  the  presence  of  fluorescence  over 
and  above  the  large  "preprocessed  empty  cell"  signal  that  was  obtained  for  the 
direct  laser  beam/ detector  incidence  geometry  that  is  illustrated  by  Figure  2-2 
above. 
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2-9  Side  Looking  Geometry  and  Electronics 


On  Figure  2-11  one  set  of  the  processed  data  are  shown  fit  by  the  sum 


A^  Re(t)  +  Ay  F(t)  where  the  quenching  due  to  argon  is  given  by 
q  =  (50/760)  x  2.69  x  1019  x  1.5  x  10’15/  106  =  2.65  x  10'2  nsec"1.  We 
see  that  (i)  the  fit  is  excellent,  an  indication  that  side  viewing  geometry 
reduces  the  amplitude  of  the  "processed  enpty  cell"  signal  but  does  not 
change  its  temporal  dependence*  and  that  (ii)  the  4.5  pm  fluorescence 
component  dominates  the  processed  data.  The  fit  to  a  second  set  of  the 
processed  data  is  shown  on  Figure* 2-12  and  reinforces  the  conclusions  (i) 
and  (ii)  above.  The  first  set  is  seen  to  have  a  somewhat  larger  fluorescence 
component,  the  fluorescence  amplitude  A  —  900  and  650  signal  averager  units 
(SAU)  respectively  for  the  two  runs.  The  "processed  empty  cell"  amplitudes 
are  similar  in  both  cases  and  are  reduced  from  that  observed  for  the  geometry 
of  Figure  2-2  by  a  factor  10  to  4  dependent  on  the  laser  beam/ detector 
offset. 

The  quenching  that  best  fits  the  two  data  sets  was  determined  to  be 

-2  -1  -2  -1 

5.1  x  10  nsec  and  2.6l  x  10  nsec  respectively,  these  compare  well 

-2  -1 

with  the  quenching  q  =  2.65  x  10  nsec  that  is  computed  above  from  the 

-15  3 

literature  value  k^=  1.5  x  10  cm  /sec  for  the  rate  coefficient  for  the 
quenching  of  COg(vj)  b y  argon. 

2.2.5  Analysis  for  0.3  Torr  (XL  and  IL.  and  50  Tbrr  Argon 

Several  runs  at  0.3  Torr  CO^  and  and  50  Torr  argon  were  performed.  These 

< 

runs  were  performed  to  demonstrate  the  utility  of  our  equipment  for  obtaining 

accurate  measurements  of  very  fast  rate  constants  such  as  the  vibration 

transfer  rate  constant  k  for  the  reaction 
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Fig.  2-11  Analysis  of  First  Data  Set 
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(2-3) 


C02(v^l)  +  N2  C02  +  N2(v=1) 

To  demonstrate  this  utility  we  will  go  through  a  simple  minded  analysis  of 
a  sample  of  this  data.  The  scope  of  our  effort  does  not  permit  a  derailed 
analysis  of  all  these  data.  The  processed  data  from  one  of  the  runs  is 
shown  on  Figure  2-13.  The  least  squares  fit  analysis  Eqn.  (2-2)  is  used 
to  determine  an  effective  quenching  q  that  yields  a  best  fit  to  the  data. 
The  analysis  was  applied  to  the  data  bins  2  through  lb  which  are  located 
approximately  on  the  time  interval  15  ^  t  ^  135  ^sec.  During  early  ;imes 
the  effective  quenching  should  be  given  approximately  by 
q  ^  k  'A]  +  kvvt>‘-N2^  where  b  =  exp  (-(hc/k)  AE/T)  and  where  AE  =“  18  cm“'L 
is  the  energy  defect  between  the  (001)  state  and  the  ^N^Cv-l) 

state.  At  late  times  however ,  when  the  vibrational  tenperature  of  nitrogen 
approaches  that  of  COg,  the  effective  quenching  should  be  approximated  by 
q-  kA[A]  ([C02]/([C02]  +  [N2])). 

The  interval  t  ^  135  nsec  was  selected  for  application  of  the  least  squares 
analysis  given  by  Eqn.  2-3  since  this  time  **  (k  [Ng]b)  ^  «  157  nsec  is 
approximately  the  time  that  is  required  for  the  vibrational  temperature  of 
the  nitrogen  to  approach  that  of  'the  COg.  An  effective  quenching 
q  =*6.46  x  10  ^  [ise c  ^  is  found  to  best  fit  the  data  in  the  time  regime 
t  iko  nsec.  It  is  possible  to  determine  the  rate  constant  k^,  from  these 
data  as  follows.  Let  X^  and  Xg  represent  the  populations  of  vibrationally 
excited  COg  and  Ng  respectively.  The  time  dependence  of  these  species  then 
obey  the  equations 
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dK  "  -VA]  X!  -  kwtB2]  X1  +  Vb[C02]  h 

ft  *2  -  W  X.  -  V>tC02]  *2  ■  (2-1*) 

The  notation  is  streamlined  by  defining  q  =  k  [A]  and  v  =  k  [N  ].  The 

A  A.  w  2 

two  eigenvalues  CL  of  the  linear  first  order  Eqn.  (2-4)  are  given  in  terms 
of  the  quantities  defined  by 

aA  S  (qA  +  v(l  +  h))  /  2 

and 

V”  ~ - p - 1 

qA  +  (v  +  vb)  +  2  1A  v(l-b) 

as 

cl  =  a.  +  A_ 

1  A  B 

and 


a2  =  aA-OB  • 


The  unnormalized  solution  for  is  given  by 

-CL  t  -OLt 

X1  =  e1+ye^ 


(2-5) 


(2-6) 


where  y  -  (o^  -  -  v)  /  (qA+  v  -  c^) 


Now  we  can  compute 

q'  =  tf1  In  (Xj_  (0).  /  X1(to0  ) 

from  Eqn.  (2-6)  where  t  «  l4o  nsec. 


* 
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valve 


.7 

The  result  is  q'  =  6.36  x  10  jasec  if  we  assume  the  literature 
“15  3  “1 

=  6  x  10  J  cm^  sec  .  This  compares  within  1.5$  with  the  value 
q  =  6.46  x  10  3  psec”1  that  is  determined  from  the  data  as  described  above. 


In  order  to  determine  k  from  the  data  we  set 

vv 


=  q'  +  TN0]  6k  7^“ 
^  2  vv  dv 


“13  3 

and  solve  for,  6k  and  then  set  k  =  6  x  10  J  cm  /  sec  +  6k 


vv 


vv 


vv 


The  result 


is  a  =  6.4  x  10  ^  cm^  sec  The  literature  value  k  ^6x10*"^  cm^  sec" 

w 


vv 


To  further  demonstrate  the  potential  accuracy  of  the  technique  for  determining 

rate  constants  consider  the  late  time  (t  >  300  psec)  data,  these  should 
“C^t 

decay  like  e  .  To  check  this  one  can  use  a  ruler  to  draw  a  straight  line 

through  the  late  time  processed  data  as  is  shown  on  Figure  2-13.  The  slope 

of  this  line  gives  a  time  constant  tt  **  8l0  psec  for  the  late  time  data  decay 

oime  which  is  in  good  agreement  with  the  value  o’1  88l  psec  that  one  may 

calculate  by  the  use  of  Eqn.  (2-5)  and  the  value  k^  ^  6.4  x  lo”1^  crn^  sec”1 
as  dervied  from  the  early  time  data. 


This  sample  analysis  suggests  that  the  accuracy  which  may  be  achieved  by  this 
technique  in  the  determination  of  k  is  remarkable,  particularly  on  considera¬ 
tion  that  (i)  the  fluorescent  cell  and/or  vac  system  may  have  been  leaky, 
thereby  admitting  atmospheric  N2  at  some  undetermined  rate,  and  (ii)  the  ’’beam 
blocked”  and  the  "processed  empty  cell"  functions  that  were  used  in  the  data 
analysis  had  been  determined  from  data  taken  several  days  prior  to  the  day  on 
which  the  0.3  Torr  CO^  and  N2  and  50  Torr  A  data  that  are  discussed  here  were 
waken.  If  measurement  of  k^.  had  been  a  primary  goal  of  the  experiment 
it  would  have  easily  been  possible  to  make  the  effort  that  is  required  to 


neutralize  these  deleterious  effects.  Even  so,  the  work  we  report  here  has 

served  to  demonstrate  that  our  equipment  is  suitable  for  making  highly 

accurate  measurements  of  fast  vibration  transfer  rates.  In  particular,  the 

equipment  could  be  used  to  measure  for  reaction  (2-5)  for  the  minor  CO^ 

13  lo 

isotopes  636  (  Op),  628,  and  627.  This  would  provide  input  that  is 
necessary  to  more  accurately  calculate  the  altitude  dependence  of  the 
atmospheric  response  time  near  80  km  to  nuclear  events  for  CO^  4.3  qm 
emission  due  to  processes  similar  to  those  discussed  in  the  report  DM  42oOF 
(HAES  Report  No.  57 ,  or  see  J.  Geophys.  Res.  82,  2203).  The  use  of  a  refrigerated 
fluorescence  cell  would  permit  measurements  of  k^_  at  temperatures  including 
realistic  mesopause  temperatures  for  all  isotopic  species  of  CO^.  Similar 
vibration  transfer  measurements  between  and  NO,  N^O,  CO  could  also  be 
performed  with  this  equipment.  It  is  not  inconceivable  that  some  adaptation 
of  the  equipment  could  be  used  to  study  quenching  and  vibration  transfer 
for  short  lived  species  such  as  OH  and  N0+. 
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2.3  Preliminary  Measurement  the  101-»100  and  101-000  Branching  Ratio 

In  this  section  we  describe  initial  efforts  to  measure  the  4*3  Mm/2.7  Mm 
branching  ratio  by  simultaneously  measuring  the  signal  at  2.7  M®  and  4.3  Mm 
following  absorption  of  the  laser  pulse  at  2.7  Mm. 


A  signal  originating  from  the  radiation  from  the  101  level  via  2.7  Mm 
emission  decays  extremely  rapidly  due  to  rapid  exchange  of  excitation 
on  collision  with  ground  state  CO^.  The  quenching  rate  of  this  level  at  a 
pressure  of  1  Torr  is  4.5  10^  sec  ^  which  corresponds  to  0.217  Msec  lifetime. 
This  rapid  decay  requires  that  we  have  fast  response  detectors  and  pre¬ 
amplifiers.  In  order  to  be  able  to  separate  the  fluorescence  from  scattered 
background  at  2.7  Mm  which  originates  from  the  initial  pulse,  it  is  necessary 
to  work  at  pressures  well  below  1  Torr.  Working  at  lower  pressures  increases 
the  lifetime  of  the  101  level  which  in  addition  to  permitting  the  2.7  Mm 
fluorescence  to  be  time  resolved  from  the  scattered  input  radiation  also 
relaxes  somewhat  the  requirement  for  fast  electronics. 


While  lowering  the  partial  pressure  has  the  advantage  of  increasing  the 
lifetime  of  the  101  level,  the  loss  in  signal  associated  with  working  at 
lower  number  densities  eventually  places  a  lower  limit  on  the  usable  pressure. 
Our  experience  with  measuring  the  4.3  Mm  fluorescence  at  0.03  Torr  (30  pm) 
showed  that  we  had  a  strong  signal  at  4.3  Mm  with  excellent  signal  to  noise. 
Therefore  we  decided  to  try  even  lower  pressures  of  0.02  and  0.01  and 
.05  Torr  to  see  if  we  could  still  observe  the  4.3  Mm  fluorescence  on  an 
oscilloscope  so  that  we  could  manually  tune  onto  a  CO^  line.  In  all  of 
these  cases  we  were  able  to  observe  4.3  Urn  fluorescence  on  an  oscilloscope 
after  amplification. 
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Since  we  were  able  to  obtain  a  good  4.3  pm  fluorescence  signal  at  5  \xu,  we 
decided  to  use  this  pressure  for  our  branching  ratio  measurements.  We  had 
made  some  earlier  atteapts  at  10  pm  of  CO^,  but  those  results  were  unreliable 
due  to  large  noise  signals  in  the  Boxcar  integrator  (to  be  described  later) 
and  will  not  be  discussed. 

The  procedure  used  in  our  effort  to  measure  the  branching  ratio  was  to 
manually  tune  the  laser  output  onto  a  CO^  line  as  evidenced  by  observable 
4.3  pm  fluorescence  on  an  oscilloscope.  Once  the  fluorescence  was  observable , 
we  then  simultaneously  measured  the  signals  at  4,3  pm  and  2.7  pm  using  two 
detectors  and  the  same  fluorescence  cell.  Figure  2-l4  shows  a  diagram  of 
the  experimental  arrangement.  We  simultaneously  monitor  the  signals  at 
4.3  pm  and  2.7  pm.  The  4.3  pm  signal  was  measured  with  an  InSb  detector 
and  a  preamplifier.  The  preamplifier  is  shown  on  Figure  2-15.  This  same 
circuit  was  used  except  the  510  pf  capacitor  in  parallel  with  the  load 
resistor  was  replaced  by  a  15  pf  capacitor  and  the  load  resistor  was  680  K^. 
This  should  give  the  preamplifier  about  a  10  psec  response  time.  The  output 
of  this  preamplifier  was  then  anplified  using  the  AC  anplifier  in  a  Keithly 
model  840  lock  in  anplifier.  The  bandwidth  of  this  anplifier  was  only  a 
few  hundred  kHz  so  that  the  input  pulse  from  the  preanplifier  was  broadened 
to  approximately  15  psec. 

In  our  experiments  to  simultaneously  look  at  the  2.7  pm  fluorescence  and 
the  4.3  pm  fluorescence,  the  Hewlett-Packard  signal  averager  which  we  had 
used  in  the  4,3  pm  runs  was  not  available  as  it  was  out  for  repair.  In  its 
place  we  used  a  Tracor  Northern  Model  NS-570A  signal  averager  which  has  a 
time  resolution  of  20  psec  per  channel.  The  experiments  were  done  with 
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Fig.  2-14  Experimental  Arrangement  for  Branching  Ratio  Measurement 


Transinrpedance  Preamplifier 


50  Torr  of  Argon  in  the  fluorescence  cell  with  a  corresponding  decay  rate 
of  376  nsec  for  the  4.3  uni  signal.  The  Tracor-Northern  signal  averager 
therefore  had  time  resolution  which  was  more  than  adequate  for  measuring 
the  4.3  U^1  fluorescence  under  these  conditions. 

At  a  partial  pressure  of  5  nm  of  COp  the  lifetime  of  the  101  level  is 
approximately.  43  usee,  so  that  a  faster  response  amplifier  was  desirable. 

In  order  to  increase  the  response  of  the  preamplifier  we  used  the  same 
circuit  as  described  above  except  that  we  reduced  the  load  resistor  to 
240  K.  However  we  found  that  a  larger  capacitor  was  required  to  prevent 
ringing.  The  capacitor  used  was  5 6  pf  which  gave  the  preamplifier  a 
response  of  the  order  of  13  usee. 

The  signal  from  the  2.7  um  detector-preamplifier  was  amplified  by  a  factor 
of  5  using  the  vertical  output  of  a  Hewlett-Packard  Model  1715 A  oscilloscope. 
This  signal  was  then  further  averaged  using  a  Tektronix  Model  1121  Amplifier 
with  a  17  MHz  bandwidth  and  a  gain  of  100.  The  signal  was  then  fed  into  a 
PAP  Model  160  boxcar  integrator. 

The  2.7  uro  signal  had  a  large  scattered  component  from  the  initial  laser 
pulse.  We  found  that  in  order  to  obtain  a  stable  boxcar  output  we  had  to 
look  at  a  portion  of  the  2.7  U*n  fluorescence  pulse  which  was  quite  a  way 
away  from  the  initial  laser  pulse.  We  found  that  by  using  a  window  from  70 
to  12C  usee  away  from  the  main  laser  pulse,  we  could  obtain  fairly  stable 
boxcar  results. 
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The  scattered  pulse  from  the  laser  was  reduced  significantly  by  using  a 
filter  in  front  of  the  2.7  Mm  detector  which  had  less  than  1%  transmission 
at  the  laser  wavelength  and  transmitted  the  P  Branch  of  the  101-000  band. 

This  filter  is  shown  in  Figure  2-l6. 

In  the  case  of  the  4.3  Mm  signal,  it  was  possible  to  eliminate  all  of  the 
scattered  radiation  by  using  a  4.3  pm  filter  and  carefully  masking  around 
the  detector.  The  fraction  of  the  2.'*  Mm  band  transmitted  by  the  2.7  Mm 
filter  was  about  1/3  of  the  fraction  if  the  4.3  band  transmitted  by  the 
4.  4m  filter. 

^igure  2-17  shows  the  results  of  the  4.3  Mm  fluorescence  obtained  on  the 
TRACOH  signal  averager.  Th *■  results  //ere  plotted  from  the  digital  readout 
which  is  displayed  on  the  signal  averager  cathode  ray  tube.  This  figure 
also  shows  the  results  for  the  2.7  Mm  ooxcar  signals  obtained  for  each 
4.3  Mm  fluorescence  curve  plotted. 

The  boxcar  integrator  was  set  with  a  50  Msec  window,  as  mentioned  previously, 
and  a  time  constant  of  30  msec.  Since  the  pulse  rate  was  5  pps  and  only 
50  Msec  are  sampled  in  each  pulse  it  took  several  minutes  for  the  2.7  M m 
signal  to  build  up  to  its  final  value.  This  is  illustrated  in  Figure  2-l8 
in  which  a  signal  received  by  the  boxcar  is  changed  as  a  result  of  placing 
a  card  in  front  of  the  laser  output.  This  shows  that  it  takes  on  the  order 
of  3  minutes  for  the  boxcar  to  reach  its  final  value.  This  figure  also 
indicates  that  the  boxcar  output  was  noisey  with  fluctuations  of  the  order 
of  1  mv  on  a  time  scale  less  than  1  minute.  This  source  of  noise  is  not 
con?>lete^y  understood  by  us,  and  it  did  limit  the  precision  of  our  results. 


SETTLING  TIME  t  s  3.1  MIN 


Fig.  2-18  Illustration  of  Boxcar  Settling  Time  and  Stability 


Figure  2-19  shows  the  boxcar  outputs  obtained  after  2048  pulses  from  the 
laser.  The  values  for  the  2.7  pm  signal  are  taken  from  the  average  value 
:n  the  last  three  minutes  of  each  run.  While  the  signal  to  noise  in  these 
runs  :  s  rather  poor,  there  is  no  doubt  that  the  boxcar  signals  corresponding 
tc  2.7  pm  fluorescence  are  real  as  can  be  seen  by  coirparing  runs  in  which 
fluorescence  was  observed  with  runs  i  r.  which  there  was  no  fluorescence. 

The  factors  which  are  required  to  calculate  tne  branching  ratio  are 
summarized  in  Figure  2-20.  The  relative  response  of  the  2.7  and  4.3  pm 
detectors  was  determined  using  an  infrared  industries  fclaekbody  source  to 
compare  the  two  detectors  at  both  'wavelengths.  The  relative  response  also 
takes  into  account  the  different  load  resistors  used  for  each  preamplifier 
and  the  response  ratio  refers  to  the  voltage  responsivity  to  a  given  number 
of  photons.  The  gain  used  for  measuring  the  2.7  preamplifier  signal  was 
a  factor  of  5  greater  than  that  at  4,3  pm. 

The  factor  of  1/3  in  the  relative  transmission  of  the  2.7  and  4.3  pm  bands 
has  been  mentioned  previously.  Finally  the  resulting  boxcar  signal  at 
2.7  pm  is  reduced  from  the  peak  2.7  pm  signal  by  an  amount  which  depends 
on  the  distance  (in  time)  away  from  the  laser  pulse  and  the  width  of  the 
window.  This  is  the  last  factor  . shown  in  the  second  line  of  Figure  2-20. 

Figure  2-21  shows  the  branching  ratios  calculated  for  the  three  data  sets 
shown  previously.  The  uncertainties  indicated  are  due  to  the  noise  obtained 
in  the  boxcar  signals.  The  average  value  of  the  branching  ratio  obtained 
is  —  17.7.  Due  to  the  scatter  in  the  data  and  the  limited  amount  of  data, 
this  is  not  a  very  precise  number.  It  is  clear,  however,  that  a  large 
fraction  of  the  radiative  decay  of  the  101  level  is  via  the  emission  of 
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Fig.  2-21  2.7-ym  Signal  Versus  4.3-ym  Signal 


3.0  DATA  EVALUATION 


3.1  FIELD  DATA  EVALUATION 

3.1.1  Motivating  Data 

The  zenitn  spectral  radiance  data  measured  in  the  interval  4.3  to  4.C  um  on 
12  March  1975  by  a  rocket  borne  SWIR  CVF  spectrometer  which  was  launched  into 
an  aurora  are  shown  on  Figure  3“1  (Stair,  1977).  A  sample  CVF  spectrum 
(Stair,  1977)  obtained  at  100.6  km  on  the  upleg  on  12  March  1975  is  shown  on 
Figure  3-2.  A  comparison  of  this  data  with  a  synthetic  spectrum  that 
calculated  on  the  basis  of  a  mechanism  in  which  the  only  radiating  specie  is 
CO^  is  shown  on  Figure  3-3*  The  CO^  synthetic  spectrum  shown  on  Figure  3“5 
is  calculated  by  methods  developed  by  Kumer  (1977)*  Kumer  and  James  (~977) 
and  Kumer  et  al.  (197^),  A  CVF  resolution  element  (units  4m)  &  -  0.01506  X  ~ 
0.0545  (Tom  Condron,  private  communication  1977)  was  used  in  tne  computation  of 
synthetic  spectrum.  The  spectral  comparison  indicates  that  CO^  is  not  the 
emitting  specie  that  is  responsible  for  the  data  in  the  4.^  to  4.6  urn  region. 

The  4.5  to  4.6  fura  data  on  Figure  3-1  clearly  show  a  maximum  at  altitude 
z  =  100  km.  The  corresponding  391^  A  data  which  are  shown  on  Figure  3"^ 

(Stair,  1977)  do  not  even  show  a  hint  of  such  a  maximum  occurring  near  100  km 
altitude.  We  would  expect  that  prompt  auroral  emission  would  resemble  the 
3914  A  radiance  profile  if  the  emitting  specie  is  optically  thin,  however 
comparison  of  the  data  in  Figures  3-1  and  3“^  shows  that  this  is  not  so. 

This  dissimilarity  is  evidence  that  prompt  emission  by  an  optically  thin 
species,  such  as  N0+,  is  probably  not  responsible  for  the  emission  in  the 
4.5  to  4,6  4m  region. 


53 


10519.07 -IB  ASCENT 
4.504-4.591  BAND 
BANDWIDTH  =  0.087 
o  HIGH  GAIN  IRIG  13 
x  LOW  GAIN  IRIG  16 


04 


Is- 

r- 

CTt 


54 


BAND  BRIGHTNESS  (M^m) 


1  2  3  4  5  6 

WAVELENGTH  (Mm) 


g.  3-2  Sample  (3/12/75)  Auroral  Spectrum  (A.  T.  Stair,  1977) 
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Fig.  3-4  Altitude  Dependence  of  3914A  Zenith  Radiance  obtained 
3-12-75  (A.  T.  Stair  ,  1977) 


One  might  also  postulate  that  a  mechanism  such  as 


'4  +  n2°  -  N2  f  \ °^y  (3“l) 

followed  by 

J._0(v3)  -  :i20  +  pm 

:nigv,t  account  for  the  data  in  the  4*3  to  4.6  pm  region.  The  radiance  profile 
•■.ear  4.3  um  that  was  also  obtained  on  .12  Marc c  1973  by  the  GIF*  is  shown  on 
Figure  5.  It  is  fairly  well  established  that  this  data  .is  dominated  jy 
C0o  emission  and  that  the  excitation  is  provided  by  vibrational  transfer 

c . 

from  ■.  it  rationally  hot  Iv>,  via 

4  +  C°2  ~  N2  +  C02(v3)  (;-2) 

which-  is  analogous  to  process  (3-1)  above.  The  conclusion  is  tnat  if  the  data 
on  Figure  3-1  are  the  result  of  process  (3-1),  and  if  the  atmospheric  \TgO  is 
optically  thick  below  100  km  as  is  required  by  the  data  on  Figure  3-1 •  then 
the  altitude  dependence  of  4.3  pm  data  should  resemble  that  of  the  4.33  pm 
data  which  are  shown  on  Figure  3-1.  This  is  not  the  case,  strongly  suggesting 
that  the  process  (3“1)  is  not  responsible  for  the  4.53  pm  data  that  arc  shown 
on  Figure  3*1 • 


3.1.2 


Initial  consideration  of  the  MWIR  CVF  spectral  data  and  of  the  3914  A  photo¬ 
meter  that  were  obtained  12  March  1975  suggest  that  a  puzzling  auroral  feature 
near  to  4.55  pm,  which  appears  to  be  real  although  it  had  not  been  readily 
observed  in  previous  CVF  data  of  somewhat  lower  resolution,  is  probably  not 
the  result  of  emission  by  CO^,  by  N0+f  by  N^O  which  is  excited  by  process  (3-1); 
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Private  Communication) 


or  by  CO  or  any  other  specie  excited  primarily  by  a  process  similar  tc  ;^-l), 


namely  vibration  transfer  from  vibrationally  hot  Ng.  However,  consideration 
of  Lhe  4.5  to  4.6  pm  radiance  altitude  profile  shown  on  Figure  5“1  and  of  the 
.5914  A  radiance  altitude  profile  shown  on  Figure  J- 4  suggests  that  a  prompt 
auroral  excitation  of  a  species  that  emits  near  4.55  sm,  and  for  which  the 
atmosphere  is  optically  thick  below  =*  95  km,  might  explain  the  data  ootained 
near  4.55  urn  on  12  March  1975*  The  optically  thick  requirement  is  driven  by 
the  existence  of  the  maximum  near  IOC  km  in  the  4.55  pm  zenith  radiance  data, 

5 v ?k  a  maximum  would  occur  in  the  zenith  radiance  profile  of  a  prompt  emission 
if  v: •«?€  is  appreciable  absorption  be! ow  100  km.  In  this  task  our  goal  is  to 
thoroughly  explore  this  postulate,  to  test  consistency  and  tc  establish  the 
constraints  such  a  postulate  imposes  on  the  12  March  1975  CVF  data  in 
particular,  and  on  other  infrared  data  obtained,  or  scheduled  to  be  obtained, 
under  the  AFGL/DM  auroral  measurement  program  in  general.  The  approach  was 
to  include  the  two  candidate  emittors  N^O  and  CO  into  our  model  for  computing 
ambient  and  auroral  MWIR  synthetic  spectra  (Kumer  and  James,  DM  4^9^, 

HAES  Report  No.  70).  Previously  just  CO^  had  been  included  as  the  radiating 
specie  in  the  model. 

We  also  considered  the  species  N0+  and  lY5»  which  might  also  emit  close  to 
4.55  pm,  but  our  initial  decision. was  to  exclude  them  from  the  model  for  the 
time  being.  The  specie  N0+  is  rejected  since  the  high  altitude  (z  ^  80  km) 
atmosphere  is  optically  thin  for  NO  4.5  pm  radiation.  The  point  is  that  if 
the  emission  mechanism  near  4.55  pro  is  prompt  (as  is  thought  to  be  the  case 
for  N0+)  then  it  must  require  that  the  4.55  Mm  emission  originate  from  a 
specie  for  which  the  atmosphere  is  optically  thick  in  the  altitude  region 
80  ^  Z  ^  100  km  in  order  to  produce  the  maximum  that  iis  observed  in  the 
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4.55  MJU  data  on  Figure  5-1  but  that  is  not  observed  in  the  optically  thin 

5914  A  data  on  Figure  5-4.  The  specie  is  rejected  on  the  basis  of 

Bunker's  (1975)  calculation  for  the  HD  vibrational  oscillator  strength  f^> 

and  the  fact  that  the  lk^s  oscillator  strength  f^^^j  should  scale  like 

^(l4)(l5)  ^  i:,nPlies  a  radiative  lifetime  of  =“  30  years  for 

vibrationally  excited  iV'5N.  The  Russian  authors  Gordiets,  et  al.  (1976) 

use  50  sec  for  the  radiative  lifetime  of  vibrationally  excited  "V5!,  in 

their  calculations  of  upper  atmospheric  infrared  radiance.  We  believe  the 

50  year  figure  derived  from  Bunker's  paper  and  data  for  the  HD  oscillator 

strength  is  by  far  the  more  realistic  of  the  two  numbers,  however  it  would 

be  useful  to  reinforce  this  theoretically  based  belief  with  some  firm 

laboratory  data.  For  now  we  will  proceed  on  the  basis  that  the  50  year 

l4  ^5 

radiative  lifetime  for  N  N  vibrational  decay  is  closest  to  reality  in 

i4  is 

which  case  N  "  N  cannot  be  an  important  MWIR  emitting  specie  in  the  upper 


atmosphere. 


The  basic  ingredients  of  our  spectral  model  prior  to  inclusion  of  N^O  and  CO 

are  illustrated  by  the  block  diagram  on  Figure  3-6.  The  inputs  N.  and  f  refer 

J  J 

to  the  altitude  dependent  optical  depths  and  to  the  fractional  upper  state 

excitation  populations  for  the  set  of  CO^  bands  which  are  listed  on  page  8 

of  the  report  (Kumer,  DNA  k2o0  F,  HAES  Report  No.  57)*  The  calculation  of 

the  N.  and  f .  is  also  discussed  in  the  report  DNA  4260F,  In  order  to  include 
J  J 

Np0  and  CO  into  the  model  it  is  necessary  to  calculate  the  appropriate  N.  , 
and  f .  /  for  each  specie  (j  /  =  Np0  or  CO). 


Calculation  of  N./is  trivial,  it  requires  knowledge  of  the  spectral  para- 
0 

meters  and  reasonable  models  for  the  atmospheric  number  density  distribu¬ 
tions  of  the  species  N^O  and  CO.  The  N^O  and  CO  mixing  ratio  models  that  we 
used  in  the  study  are  shown  on  Figure  3-7.  The  model  for  CO  was  deduced  by 
J.  W.  Waters  et  al  from  their  microwave  data  (Science  1$>1, 

1174,  1976).  The  model  for  N^O  is  selected  (l)  to  provide  the  absorption 
between  100  km  and  85  krn  that  is  required  by  the  4.55  M-m  data  shown  on 
Figure  3-1  and,  (2)  to  join  smoothly  at  lower  altitudes  to  the  N^O  mixing 
ratio  that  was  recommended  by  the  NASA  UARS  scientific  working  group  (Banks 
et  al.,  1978).  Adequate  spectral  information  on  N^O  and  CO  line  positions 
and  strengths  can  be  obtained  from  the  McCiatchey  tape  described  by  MeClatchey 
et  al.  (AFCRL-TR-73-0096,  1973). 
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Ug.  3*6  A  schematic  of  our  model  for  predicting  CC^  ^.3  M*m  spectral 
zenith  radiance. 
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Fig.  3-7  Model  CO  and  N«0  Mixing  Ratios 


The  calculation  of  the  fractional  excitation  f.7  of  lLO(u  )  and  CO(v=l)  is 

-j  2  y  ' 

accomplished  by  mathematically  treating  emission  i 2  the  bands  of  and  CO 
similar  to  that  in  the  weak  CO^  bands.  This  treatment  is  given  by  fvumer 
(1977)  ana  is  also  shown  on  page  9  of  the  report  DRA  4260F.  An  obvioas  modifi¬ 
cation  of  the  Q w  approximation,  which  is  also  discussed  in  these  references, 
is  also  utilized. 

The  specific  modification  to  Qw  is  obtained  by  adding  the  terms 

E  kjy  /[j  ']  (Aj  /Ej  /  +  k1(j  ,[M])  /  (A.  ,E. ,  +  ,[M]  +  k2j  ,[Ng]) 

to  the  right  hand  side  of  Eqn.  (5)  in  the  paper  by  Kumer  (1977)*  The  sum  is 
over  [j*]  =  [NpO]  and  [CO].  The  quantities  A./  are  the  Einstein  coefficients 
for  spontaneous  emission 

.  .  An  0 

N20(001)  £».  W  O  +  hv 


and 


AfJQ 

CO(v=l) - ►CO  +  hv 


The  E./  are  the  escape  functions  for  these  photons  (see  Kumer,  1977?  and.  Kumer 
J 

and  James,  197*0.  The  rates  k^  ,  and  k.^/  are  defined  by 


k'  / 

H  *  +  j '  N~  +  j 

V  ‘ 


vv 


and  by 


k  / 

o  /+  +  M  j '  +M  ;  vtr 


where  M  is  02  or  Ng  or  0  or  H20,  etc.  These  rate  constants  may  be  found  in 
the  review  by  R.  M.  Taylor  (1974),  except  for  some  of  the  k1N  Q,  for  these 


we  use  the  corresponding  rate  constants  for  COp. 
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The  solution  f  /  is  given  (directly  analogous  to  Eqn.  (8)  in  the  paper  by 
i! 

Kumer,  1977)  hy 

fj  '  -  (k2J  +  ’tj  '>  I  (k2j  '!¥  +  klj  'M  -  Aj  /Ej  ')  (3-J) 


where  the  inhomogeneous  term  T).  ,  is  the  direct  excitation  of  NpO(OOl)  or 
CO(v=l).  Some  detailed  discussion  of  potential  candidate  direct  excitation 
mechanisms  is  given  below. 


Finally,  the  modification  to  the  inhomogeneous  term  \  for  excitations  of 

JNtyW 

in  the  Qw  approximation  is  obtained  by  adding  the  terms 


T| .  / 
0 


to  the  right  hand  side  of  Eqn.  (7)  in  the  1977  paper  by  Kumer,  where  the 
Fk,  /  is  given  by 


k2.i  /[N2] 

"  /[N_]  +  K  ,  /[M] 


2j  2' 


+  A .  /E  .  t 
J  J 


liU 

[Ng] 
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3.1. 3  Excitation  Mechanisms 

Three  mechanisms  were  considered.  First,  an  ambient  mechanism  which  includes 
thermal  collisions,  absorption  of  earthshine  and  excitation  by  vibrational 
transfer  from  N*  that  is  vibrationally  excited  by  the  OH  airglow  (Kumer  et  al., 
1978;  Kumer,  1976)  via  the  vibration  transfer  process 

OH(v)  +  Ng  -  OH(v-l)  +  N| 


Second,  a  slow  auroral  mechanism,  namely  transfer  of  vibrational  excitation 

from  N*  that  is  vibrationally  excited  by  auroral  precipitation.  The  slow 

auroral  excitation  of  N*  is  modeled  on  the  basis  of  R.  D.  Sears’  (1976)  ground  based 

scanning  photometric  measurements  of  the  spatial  and  temporal  variation  in  the 

auroral  blue  (4278  A)  and  red  (6300  A)  emissions.  These  measurements  were 

obtained  continuously  through  the  experiment  on  12  March  1975  and  were  begun 

many  minutes  prior  to  launch  time.  Details  of  the  photometric  data  and  the 

method  (Blue  Red  Input  Model,  BRIM)  for  using  these  data  in  order  to  predict 

the  altitude  distribution  of  are  given  in  a  previous  report  by  Kumer 

(DNA  4260F,  HAES  No.  57>  1976).  Third,  a  prompt  auroral  mechanism,  selected 

with  magnitude  sufficient  to  produce  an  altitude  profile  of  radiance  near 

4.55  pm  that  is  generally  similar  to  that  shown  on  Figure  3-1.  The  altitude 

distribution  of  the  prompt  volume  emission  is  set  approximately  proportional 

to  that  of  the  3914  A  emission  as  determined  from  the  data  on  Figure  3-4. 

Absorption  below  100  km  that  is  necessary  to  form  a  maximum  near  100  km, 
similar  to  what  is  observed  in  the  4.55  pro  zenith  radiance  data  near  100  km, 


is  the  natural  result  of  the  model  atmospheric  mixing  ratios  Q 


that  are  shown  on  Figure  3*7 • 
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Comment  c**  the  possible  "cysical  basio  of  the  hypothetical  prompt  uur-oral 
mechanisms  is  in  order.  comparing  the  data  snown  or:  l!gu ies  y-i  :.b 

and  remembering  that  uhe  auroral  fluorescence  -fficionc.y  for  produc  _:.g 

•  _  —  *> 

3?i^  A  radiation  is  approximately  ^.7  x  xO  one  can  estimate  that  *. 

production  of  approximately  0.4  N^O(OOl)  per  ionization  overt,  would  f  • 

sufficient  lc  explain  tae  magnitude  of  the  radiance  in  the  4.f  to  4.7  pirn 

rogi  di  i  the  result  of  prompt  excitation  of  i3^0(00l)  followed  by 

NpOv.  ^  -*  NpC  -  hv.  From  the  presentation  by  Caledonia  '-977)  one  might 

aypc '  h Ize  tha*  r  ;ie  tnc-  ianisir.  for  prompt  auror  -.i  Fp(OOJ  '  j  reduction  could 

re  :  reaction 


?:o0  flOl) 


1’he  ho0(00l)  must  be  *.  normalized  kineaically  and  rctat  .cnally  if  the 
atmosphere  for  7,  <  IOC  •err*  is  po  be  optically  thick  for  iV.O  emission  as  is 

c 

suggested  by  the  data  cn  Figure  3-1  if  Np0  is  indeed  ’  nt  emi*  tor  responsible 
for  these  data.  Such  a  mechanism  might  also  account  for  x  formation  rate 
of  No0  in  the  continuously  dark  polar  winter  atmosphere  that  is  fast  enough 
to  maintain  X^T  q  =*  2  x  10  ^  at  Z  ^  85  km.  In  a  static  situation  formation 
of  must  balance  N^O  loss  which  is  due  to  mechanisms  such  as  solar  photo  - 
dissociation  and  reaction  with  oC^D).  Both  of  these  lo~s  mechanisms  are 
suppressed  by  the  lack  of  sunlight. 


Another  potential  prompt  mechanism  that  might  apply  to  some  extent  to 

both  CO  and  N^O  was  suggested  by  R.  D.  Sharma  (1979)  in  a  recent  conversation 

(l  March  1979)*  namely 


N0+(v) 


vv 


N0+(v-l) 


C0(v=l) 

N20(001) 
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The  vibration  transfer  rate  constant  would  need  to  be  extremely  large, 
of  the  order  10  larger  than  for  the  reaction  NO  (v)  +  -*  NO  (v-l)  +  N* 

for  example,  in  order  that  this  be  a  serious  possibility.  We  feel  this  is 
unlikely,  however  laboratory  and/or  theoretical  studies  to  obtain  at  least 
an  order  of  magnitude  estimate  for  these  rate  constants  are  probably 
warranted,  especially  since  the  mechanism  also  might  be  pertinent  to  the 
apparent  lack  of  unequivocal  evidence  of  any  major  N0+  contribution  to  emission 
near  4.3  Mm  in  auroral  data  that  have  been  analyzed  to  date. 

The  4.3  Jim  data  shown  on  Figure  3-5  may  be  used  to  verify  that  the  ambient 
and  slow  auroral  modeling  is  realistic.  If  4.3  Mm  data  can  be  modeled 
adequately  then  we  are  assured  that  we  have  a  realistic  model  for  the 
altitude  dependence  of  the  f^  that  results  from  the  two  mechanisms ;  N* 
excitation  by  vibration  transfer  from  principal  infrared  airglow  emitting 
specie  0H(v),  and  N*  excitation  by  auroral  precipitation.  We  have  seen  in 
Eqn.  (3-3)  above  that  it  is  necessary  to  know  f^  in  order  to  calculate 
emission  by  N^O  or  CO,  The  results  that  are  obtained  by  modeling  the 
4.3  Mm  data  are  shown  on  Figure  3 “8.  Three  CO^  4.3  \xm  mechanisms  are 
considered,  (A)  collisions  and  absorption  of  earthshine,  (B)  excitation 
of  N*  due  to  vibration  transfer  from  0H(v)  and,  (C)  excitation  of  N* 
due  to  auroral  precipitation.  The  modeling  of  the  4.3  M^  data  as  shown 
on  Fig.  3-8  requires  a  total  column  vibrational  transfer  of  approximately 
0.09  ergs/sec  cm  from  0H(v)  to  N^  that  is  peaked  at  85  km,  modeling 
the  slow  auroral  component  requires  that  approximately  l6  vibrational 
quanta  are  produced  per  ionization  event. 
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DATA 


Fig.  3-8  Modeling  the  C0?  4.3  Data 


Tc  compute  f./  the  fractional  excitation  of  C0(  *'*-n  or  1^0  ( OCX )  frcm 

Ear..  (3-5)  for  ambient  conditions  f ^  which  pertains  for  th*_  jum  /.  -F  '■ s 

use  a  and  '*]./  -  0,  for  the  slow  aurora  1  mechanism  *■  at  confutation  of  f .  / 

J  -j 

utilizes  the  f^T  which  applies  for  curve  C  and  ..t,  =  0.  for  the  pro 

auroral  mechanism  f^  =  0,  and  tne  7).,  are  selectee  to  achieve  a  fit  to 
trie  data  that  are  shown  cn  Figure  5-1. 

3.1 . -  Results 

The  4f;  to  4.6  pm  data  triat  were  shown  previously  on  Figure  5-1 
••^produced  on  Figure  3-9  in  comparison  with  culaticns  cf  the  altitude 
profile  of  the  peak  zenith  spectra.!  radiance  of  J\To0  (solid  curves)  and 

“  c. 

CO  (dashed  curves)  that  are  produced  by  the  prompt  auroral  and  by  zho 
ambient  mechanisms.  In  either  case  (N^u  or  CO)  the  prompt  auroral 
•ompenent  fits  the  data  within  reason ,  however,  the  presence  of  N^O  or 

c 

CO  Lr:  sufficient  quantity  to  produce  the  absolution  in  the  30  to  lOO  km 

that  tne  4.55  urn  zenith  radiance  data  seem  to  require  is  necessarily 

accompanied  by  an  ambient  component  of  zenith  radiance  which  increases 

rapidly  as  a  function  of  decreasing  altitude  as  is  shown  on  Figure  J-9- 

The  ambient  N^O  and  CO  zenith  radiances  that  are  predicted  for  the  downleg  region 

(Z  ^  60  km)  on  which  data  were  taken  are  shown  on  Figure  3-10  in  order 

to  further  emphasize  this  point. 

On  Figures  3-H  through  3-13  we  show  some  comparisons  of  the  spectral  zenith 
radiance  data  at  100.6  km  that  were  shown  previously  on  Figure  3-2  versus 
synthetic  spectra  of  CO^,  and  CO.  The  three  different  synthetic  spectra 
are  calculated  for  extreme  and  intermediate  assumptions  regarding  the 
relative  contribution  of  N20  and  CO.  This  particular  CVF  spectral  scan 
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BRIGHTNESS  (MR/nm) 


Fig.  3-10  N„0  and  CO  Peak  Spectral  Radiance  Profiles 
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Or  Figures  5-1^  and  5*"^  are  shown  the  synthetic  spectra  calculated  :‘cv 
q3.66  and  60. 6  krn  altitude.  The  No0  and  CO  components  are  calculate!  via 
the  ambient  mechanism  and  would  be  present  in  the  absence  of  an  aurora  it 
the  actual  mixing  ratios  X^  ^  and  are  at  all  similar  to  those  shown 

on  Figure  3“7*  It  will  be  necessary  to  conparo  these  synthetic  spectra 

with  the  CVF  spectral  data  obtained  at  altitudes  6C  d  Z  ^  100  km  :n 

1.2  March  1973  in  order  to  make  .a  Judgement  as  to  how  realistic  am  the 

models  of  X,  A  ,  X~^  that  are  shown  on  Figure  3-7*  It  should  indeed 
1^0  and  CO 

be  possible  to  use  these  data  in  order  to  establish  consistent  models 

for  X..  n  and  X  .  Comparison  with  undisturbed  night  time  SWIR  CVF  snectral 

zenith  radiance  data  obtained  11  April  1974-  (Wheeler  of  al. .  AFGL-TK-7d-02;2) 

were  not  inconsistent  with  our  mo&^l  for  X„_  for  12  March  1975  which  is 

cO 

sir  wn  on  Figure  3*7 •  Cample  spectra  obtained  12  April  1974  are  reproduced 
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3-14a  Ambient  Mechanism  for  CO,  N„0,  CO 


Fig.  3- 14 b  Ambient  Mechanism  for  CO,  N?0,  CO 
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-15a  Ambient  Mechanism  for  CO,  N?0,  CO 


on  Figure  3-lb  for  the  convenience  of  the  readers.  Comparison 
cl  \.nt.  calculations  shown  on  Figures  3-14  and  3-13  with  these  data  would 
indicate  however  that  X^  ^  or.  11  April  1974  was  much  less  than  in  oui  mod  • 
for  :2  'A arch  1973  which  is  shewn  on  Figure  3“7-  Sven  this  is  not 
Inconsistent  since  the  atmosphere  above  PKR  is  sunlit  for  much 
longe^  time  periods  in  early  April  than  in  early  March  and,  as  noted  above 
' s  would  tend  tc  reduce  ^  in  April  with  respect  to  ^  in  March. 

3.1.3  Conclusions  and  Recommendations 

tx  nrompt  auroral  omission  by  either  CC  or  can  produce  the  altitude 
dependence  of  auroral  zenith  radiance  data  in  the  4.5  tc  4.6  pm  band  that 
were  recorded  by  a  rocket  borne  CVF  spectrometer  cn  12  March  1975  provided 
mat  these  species  are  abundant  enough  in  the  atmosphere  to  be  optically 
*„ni  \k  below  about  100  km  for  their  vibrational  resonance  radiatior  s  near 

4.6  and  4.5  pm  respectively.  Analysis  of  a  spectral  scan  obtained  at 

100.6  Km  altitude  weakly  suggests  that  CO  is  the  more  likely  candidate. 
Also,  there  appeared  to  be  a  feature  in  these  data  near  4.42  pm  that  was 
clearly  not  due  to  CO^,  N^O,  or  CO. 

The  requirement  on  optical  thickness  below  100  km  is  met  by  CO  on  the  basi 
of  independent  ground  based  microwave  data  analyzed  and  reported  by  Waters 
and  Shimabukuro  (1976),  on  the  other  hand  the  large  mixing  ratio  that  is 
required  to  achieve  preciable  optical  depth  below  100  km  needs  to  be 
assumed  to  exist  for  N^O.  The  required  large  mixing  ratios  above  85  km 
for  and  CO  are  found,  necessarily,  to  be  accompanied  by  large  ambient 
lower  altitude  components  of  and  CO  radiance  as  the  result  of 
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ASCENT  U  ^  I  ASCENT 


Aurora  (Wheeler  et  AT.,  1976) 


excitation  by  collisions,  absorption  of  earthshine  and  vibration  vunsfer 
from  that  has  become  excited  by  tapping  the  OH  airglow  via 
OH(v)  *♦  OH(v-l)  +  N*.  The  large  predicted  ambient  N^O  and  CO 

radiances  impose  severe  restraints  on  the  number  densities  of  N^O  and 
CO  that  could  have  actually  existed  on  12  March  1975 •  Analysis  of  a 
comprehensive  amount  of  the  12  March  1975  CVF  data  is  needed  to  quantify 
t-.ese  restraints,  however  at  this  point  we  can  say  that  major  modification.' 
in  our  assumed  model  for  Q  are  called  for.  For  CO  the  case,  at  this 
point,  is  not  so  clear  cut. 


Also,  it  is  somewhat  of  a  puzzle  as  to  what  may  be  a  prompt  auroral 
mechanism  for  producing  N^O  or  CO  emission,  candidates  are 

Ng(A)  +  02  -  N20(001)  +  0 


and 


NO+(v)  + 


M 

coi 


N0  fr-D  +  jco(v=i) 


'2°(v3>) 


The  second  mechanism  is  really  very  shaky  since  it  must  compete  with 


NO+(v)  +  N2  -  NO+(v-l)  +  K 


The  vibration  transfer  process  should  be  more  rapid  for  the  molecules 

N^O  and  CO  than  for  since  N^O  and  CO  have  permanent  dipole  moments 

while  does  not.  The  question  is,  can  the  transfer  to  N^O  and/or  CO 

be  10  times  faster  than  to  so  that  N^O  and  CO  can  receive  a  significant 

+ 

^ractien  of  the  total  NO  vibration  that  is  available? 
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Finally,  a  question  that  cannot  help  but  coine  to  rnind  with  regard  tc  ne 
series  of  features  of  4.42,  4.6  and  some  weaker  ones  wnich  may  also  be 
present  at  monger  wavelengths  (but  shortward  of  the  NO  feature) ;  eouxd 
these  features  be  a  temporary  instrumental  ringing  -phenomena  that  degrades, 
the  data  on  just  a  very  short  part  of  the  flight,  namely  when  the  rocket 

was  between  80  and  110  ion  altitude  on  the  upleg? 

An  analysis  of  the  4.3  urn  data  was  also  performed  in  addition  to  u  * 

analysis  of  the  4.5  '^o  4.6  urn  data.  This  analysis  was  necessary  i-  order 
to  determine  the  population  of  /ibrationally  excited  so  that  the  contr: - 
button  to  No0  and  CO  radiance  which  results  from  vibration  transfer  from 
could  be  calculated.  The  4.5  prr.  data  proved  consistent  with  our 
established  model  for  this  wavelength  region.  In  particular  a  column 
vibration  transfer  rate  of  0.09  ergs/ cm  sec  from  0H(v)  to  N^  and  an 
efficiency  of  l6  N^  vibrations  produced  per  auroral  ionization  event  was 
required  to  model  the  4.3  Jim  data.  These  numbers  are  consistent  with  our 
understanding  of  other  4.3  pm  data  as  described  in  our  previous  reports. 

To  better  understand  the  12  March  1975  data  in  the  4.4  to  4.7  pim  region 
it  will  be  necessary  to  (l)  examine  all  the  12  March  1975  spectral  scans 
to  search  for  the  existence,  and  if  found,  to  determine  the  altitude 
dependence  of  ambient  components  of  the  CO  and  N^O  radiances  in  order  to 
quantify  the  constraints  these  data  place  on  the  N^O  and  CO  mixing  ratios, 
(2)  examine  data  obtained  in  other  experiments,  such  as  HIRIS  and  SPIKE 
for  example,  in  order  to  determine  if  the  emissions  of  N^O  and/or  CO  are 
present  in  these  data,  and  if  so,  to  use  these  data  to  determine  the 
abundance  of  N^O  and/or  CO  in  the  atmosphere,  (3)  examine  the  12  March  1975 
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data  in  more  detail  in  order  to  see  if  there  is  indeed  a  real  feature 
present  in  these  data  near  to  4.42  |im,  and  finally,  (4)  include  emission 
by  N0+  into  the  spectral  modeling  of  data  in  the  4  to  4.8  pm  region. 


3.2  LABORATORY  DATA 


3.2.1  Introduction 

The  apparatus,  preliminary  results,  and  data  evaluation  for  an  initial 
laboratory  verification  of  the  C0o  2.7  to  4.3  jam  pumping  mechanism  have 
been  described  by  James  (DNA  4238F,  KAES  Report  No.  6o)  and  by  Kumer  and 
James  (DNA  4409F,  HAES  Report  No.  70).  A  sketch  of  the  apparatus  used 
in  that  experiment  is  shown  on  Figure  3-17*  The  major  difference  in  our 
initial  laboratory  fluorescence  measurement  effort  as  compared  with  our 
current  effort  is  the  use  o^  a  chopped  blackbcdy  2.7  urn  light  source  in 
the  former  as  compared  with  the  laser  system  as  described  above  which  is 
employed  in  our  current  effort.  The  use  of  the  laser  allowed  us  to  go  to 
fluorescence  cell  CO^  partial  pressures  about  two  orders  of  magnitude 
less  than  were  employed  in  the  initial  effort.  In  the  initial  effort 

(c02(l0l)j  +  co  (000)  _  jC02(10°)j  +  C0?(001)  (5-4) 

(C02(02l)j  *  |C02(020)) 

followed  by 

C02(001)  -  C02  +  hv  (5-5) 

dominated  the  direct  fluorescence  process 

0%  -  “a  &  *  -V  .  (3-6, 

Results  were  published  in  the  report  by  Kumer  and  James  (DNA  44-09F,  HAES 

Report  No.  70)  and  are  reproduced  here  in  Table  3-1  for  the  convenience 

of  the  reader.  The  column  labelled  R^  is  the  measured  ratio  of  the  4.3  Mm 
FA 

signal  with  fluorescence  and  absorption  cell  CO^  and  broadener  gas 

partial  pressures  as  shown  in  Table  3-1  in  comparison  to  the  4.3  Mm  signal 
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Table  3-1 


Relative  Transmission  Measurements 


Contents 

Fluorescence  Cell 
(2  era  path  length) 

l/2  Torr  COg  +21  Torr  AR 
2  Torr  CO^ 

2  Torr  CO^  +  to  Torr  He 

1  Torr  C02  +  20  Torr  He 

l/2  Torr  C02  +  20  Torr  He 

1  Torr  CO  +  to  Torr  He 
2 

1  Torr  C02 

7.5  Torr  C02 

1  Torr  C02  +  to  Torr  He 


Contents 
Absorption  Cell 
(1.5  cm  path  length) 

5  Torr  C0o  +  21  1/2  Torr  AR 
2  Torr  C0^ 

2  Torr  00^  +  to  Torr  He 
1  Torr  C02  +  20  Torr  He 
1/2  Torr  C02  +  20  Torr  He 
5  Torr  C02 
1  Torr  C02 
7.5  Torr  C02 
5  Torr  C02 


Data  were  obtained  at  100  Hz  chopping  frequency  except 
data  case  which  was  obtained  at  too  Hz. 


The  Bata  R_ 

M 


37  +  8  % 

69  °/o  i  3  °/< 
63  °/o  +8  °/o 
71  /o  +  8  °/o 
79  %  ±  3  °/o 
60  °/o  +  7  °/o 
71  °/o  +  4  °/o 
55  %  ±  5  °/o 
4-9  °/o  +  9  °/o 
@  400  Hz 


for  the  last 


Fig.  3-17  A  Schematic  of  the  Apparatus  Used  in  the  Initial  Laboratory  Effort. 


that  is  obtained  when  the  absorption  ceil  is  evacuated  and  the  partial 
pressures  in  the  fluorescence  cell  are  again  as  given  in  Table  3-1. 
Earlier  analyses  of  these  data  (James,  DNA  4238F  James  and  Kumer,  DNA 
4409F)  had  employed  simple  minded  radiation  transport  and  the  results 
were  quite  puzzling  in  that  calculated  values  of  the  ratio  were  con¬ 
sistently  smaller  than  the  measured  values.  This  would  imply  that  the 

FA 

process  (3-6)  was  contributing  significantly  to  the  signals  and/or 

fT 

S^.  However,  this  is  not  consistent  with  the  rapid  rate  constant 
(k  ^  1.1  x  10^  cm^/sec)  for  process  (3-4)  that  has  been  reported  by 
Finzi  and  Moore  (1975),  and  furthermore  it  is  not  consistent  with  our 
analysis  (Kumer  and  James,  DNA  44-09F)  of  the  variation  in  signal  as  a 
function  of  chopper  frequency  that  is  observed  in  the  initial  data. 

This  effort  is  aimed  at  a  resolution  of  these  inconsistencies.  To  this 
end  we 

•  performed  a  sophisticated  radiation  transport  analysis  of  the 
data  that  covered  the  cases  of  cell  wall  reflectivity,  0  and 
100 %  (or  perfectly  black  and  perfectly  reflective) 

•  investigated  the  effect  of  enhanced  transmission  through  the 
absorption  cell  that  would  occur  as  the  result  of  broadening 
of  the  fluorescence  cell  lines  and  bands  with  respecu  to  those 
in  the  absorption  cell  that  would  occur  if  the  fluorescence 
cell  were  hotter  than  the  absorption  cell  due  to  its  proximity 
to  the  hot  blackbody  source. 
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•  investigated  the  effects  of  spatial  diffusion  within  the  cell 

•  considered  atmospheric  absorption  on  cell  paths  external  to  the 
cells,  and  to  the  evacuated  interiors  of  the  blackbody  source  and 
of  the  detector. 

On  quantitatively  accounting  for  all  these  effects  we  still  drew  a  blank  in 
that  the  calculated  values  of  remained  smaller  than  the  measured  values. 

De bails  of  our  calculations  and  some  conjecture  as  to  what  may  remain  to  be 
done  tc  resolve  the  inconsistencies  follow. 

3.2.2  Detailed  Radiation  Transport  Calculation 

Consider  the  schematic  of  the  apparatus  on  Figure  3-17*  to  calculate  the 
4,3  dm  signal  at  the  detector  we  must  calculate  the  excitation  in  the 
fluorescent  cell  and  compute  a  transmission  weighted  integral  over  the  resul¬ 
tant  4.3  l^m  volume  emission.  The  initial  excitation  S  (j£_)  at  a  point  in  the 

o  J 

flourescent  cell  that  is  designated  by  is  given  by 

r 

So  ■  WOOg],  °2.7 1  (yco2]  o2  7) 
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where  is  the  CO^  number  density  in  the  fluorescent  cell.  The  quantity 

n  is  defined  in  detail  by  James  and  Kumer  (1973).  It  is  tile  cross  section 

C-  •  f 

for  absorbtion  of  2.7  4um  photons  by  CO^.  The  transmission  function  T(z)  is 
riven  by 

T  =  Z  s.K  XT  fdX  e  Jb  J  F  F 
b,j  Jb  °  - 

-(J/J  f  2 

where  Z  =  £„[C0o]  c0  XT  —  (2J  +  l)  e  /  f J  is  the  fractional 

«  d  d* (  u  o 

“2  ,  -■* 

rotational  population  of  CO^  in  the  state  J,  =  hc3/kT,  B  ~  0.4  c:r.  is 

the  rotational  constant  and  T  =  296° K  the  temperature,  s  ^  =  (j  ~  l)/(2J  +  l) 

and  J/(2J  4  l)  for  the  2  branches  b  =  P  and  Q,  X  is  the  photon  displacement 

from  line  center  in  units  of  e  fold  doppler  width,  cp^(X,a)  is  the  fluorescent 

'  £ 

cell  Voigt  absorotion  line  profile,  and  a„  =  v  is  the  Voigt  rarameter. 

-  ^  7  F  pF'  D 

p  p  q 

The  quantity  VpV  =  (P^  v^q  +  Pt^  Yg)  x  3  x  10  ~  cm/sec  the  pressure  broaden 

,  2  2  p  p 

Lorentz  f-  line  width  in  units  Hz,  Frn  and  the  partial  pressure  in  units 

co2  j 

atm  of  CO^  and  the  broadener  gas  in  the  floure scent  cell  (either  Helium  or 

-1  -I  -*1  -1 

Argon),  yr  =0.1  cm  ~  atm  ,  y  =  0.0^  cm  "  atm  cand  yA  ^  0.05  cm  ~  atm 
00^  J  *C  A 

The  quantity  B  is  a  constant  proportional  to  the  output  of  the  blackbody  sour 

The  quantity  Cl  =  ^/k  is  the  branching  ratio  for  emission,  the  quantity  k  i 

the  lifetime  of  the  excited  C0n  state,  it  may  be  determined  as  a  Cunov.ori  ed‘ 

d 

r*  and  ?t,  from  data  given  in  our  earlier  report  (Kumer  and  James.  1;7~. 

i'1 

DNA  'MiO'iy). 


In  case  reflection  from  the  cell  wall  is  neglected  and  the  absorption 


cell  evacuated  then  the  signal  at  the  detector  fit  i 


is  given  by 
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In  case  reflection  from  the  walls  is  neglected  and  the  absorption 


cell  contains  concentrations  of  CO^  and  broadener  gas  designated  by 
and  [B]^.  then  the  signal  at  the  detector  is  given  by 

’y 

*4  =  1  ^F  So  tfa  ^F^  (3-8) 

r\ 

where 

where 

TJb(x)  "  SJb  XJ  (ZA  <f,A(x'aA)  +  h  ?F 

where 

aA  ‘  WVD  and  aF  *  VpF/Vl>  ' 

Hence  in  the  case  where  we  assume  that  reflection  of  the  cell  walls 
is  unimportant,  we  can  compute  the  ratio  R  of  the  signal  with  the  absorption 
empty  compared  to  the  signal  when  the  absorption  cell  is  filled  via 

■w  -  W 


=  E 
b,  J 


SJb  XJ 


Jdx 


■TJb(x) 
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Next  we  consider  the  same  ratio  calculation  on  the  assumption  that 
wall  reflection  is  near  unity  and  cannot  be  neglected.  This  assumption  is 
closer  to  reality  and  should  provide  calculated  ratio  values  that  are  in  better 
agreement  with  car  data  than  those  Given  by  the  less  realistic  calculations 
(equations  (l)  and  (2))  for  in  which  wall  reflectivity  is  neglected. 

To  account  for  wall  reflectivity  calculate  the  excitation  S(£p)  via 
a  plane  parallel  for  relation 

SUF>  -  so  +  ;o  <V  • 

Since  ft  «  1  we  can  safely  use  the  escape  function  approximation  (see  Kumer 
and  James,  197^  for  a  more  complete  discussion  of  the  escape  function 
approximation)  to  calculate  S,  the  result  is 

SUF)  =  So(XF)  (1  -  (i  -  E(£f))  0)-1  •  (3-9) 

The  escape  function  E(jO  is  given  by 

E(£p)  -  e(XF)  +  €FA(Xp) 

where 

«<V  -  *J *  sjb  XJ  !  «  fr'W) 

b,J  •  bJ 

where 

7  “  SJb  Xj  MC02^F  °4.3  ^F  *F^ 

and 

€FA  *  S.  s Jb  XJ  I  ^  E2  (TbJ  ^  ^ 

D  ,J 
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where 


Tu  «  T,  T  +  T,  _ 

bj  bJ  bj 

where 

TbJ  "  sJb  XJ^  "  ^F^  ^C°2^F  °4.3  *Pf  ^X’  V 
and 

tm  -  Sjl  XJ  la  t«>2]A  <Vj  »A  (*.«*)  • 

The  exponential  function  is  discussed  more  coinpletely  by  Kumer  (1977). 

A 

In  case  the  absorption  cell  is  evacuated  *  0  and  -*  Cp.  In 

F 

this  case  the  wall  reflection  included  signal  R^  is  given  by 
L 

RD  -  J  F  eF(V  n  S(V  •  (J-10) 

o 

In  case  wall  reflection  is  included  and  the  absorption  cell  has  CO^  and 
broadener  gas  in  it,  the  signal *R^A  is  given  by 

lf 

*DA  “  J*o  ^F  *FA  t*F>  0  S(*P  •  (3‘U) 

FA  F 

The  ratio  of  these  wall  reflectivity  included  calculated  signals  ■  R^  /R^ 
may  be  compared  with  the  data  Rj^  in  Ifcble  3-1. 

As  mentioned  above,  the  purpose  of  the  measurements  was  to  try  to 
determine  if  the  observed  4,3  |im  radiation  was  direct  fluorescence  due  to 
process  (i)  which  is  simply 


95 


(101 

(021 


hv(U.J  pm) 


$ 


or  by  pure  resonance  radiation  due  to  the  process  (n)  which  is 


(101 

(021 


+  000 


001 


followed  by 


001 


000  +  hv(4.3  pm) 


or  finally,  by  process  (ill) 

VjVg  1  -  v^Vg  0  +  hv(4.3  pm) 


summed  over  all  isotopic  combinations  and  over  all  combinations  of  COg  hot 
bands.  Process  (ill)  requires  complete  redistribution  of  the  excitation 
by  the  reactions 


Va 1  +  W0 


v  v  0 
12 


v  7v 
1  2 


'l 


In  order  to  attempt  to  determine  which  process  is  dominant  it  is 
necessary  to  calculate  the  signals  at  the  detector  for  -the  absorption  cell 
evacuated  and  for  the  absorption  cell  containing  specified  partial  pressures 
[C0g]A  and  [B]a  of  COg  and  a  broadener  gas,  B,  respectively.  Ihe  ratio  of 
these  signals  then  should  tell  which  of  the  three  processes  is  dominant. 

This  ratio  should  be  closest  to  unity  for  process  (i)  dominant  and  it  should 
be  smallest  for  process  (ill).  It  is  necessary  to  calculate  this  ratio  for 
all  three  processes  and  then  conpare  these  calculated  values  with  the  data  in 
order  to  try  to  determine  which  process  is  dominant. 
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The  results  of  the  calculations  and  R^  are  compared  against  the  data  R^ 
on  Table  3-2.  It  is  notable  that  R^  and  R^  are  quite  similar  in  all  cases, 
hence  reflection  and  multiple  scattering  do  not  appreciably  impact  the  data 
interpretation.  A  comparison  of  the  calculations  R^  and  R^  with  the  data  R^ 
gives  the  preliminary  indication  that  a  mix  between  processes  I  and  III 
provides  explanation.  As  mentioned  above,  this  is  inconsistent  with  the 
analysis  (Kumer  and  James,  Section  2.6  of  DNA  4409F,  1978)  of  the  chopper 
frequency  dependence  of  observed  4.3  nm  signal.  This  analysis  indicates  that 
process  III  is  completely  dominant.  It  is  also  not  consistent;  with  the  very 
large  rate  constant  (k  =*  1.1  x  1010  cm^  sec  for  process  (3-4)  that  was 
reported  by  Finzi  and  Moore  (1975 )>  if  the  rate  constant  for  (3-4)  is  as 
large  as  is  claimed  by  Finzi  and  Moore,  then  again,  the  signal  should  be 
dominated  by  process  III. 


3.2.3  Other  Effects 

Since  detailed  radiation  transport  and  consideration  of  wall  reflectivity  did 
not  provide  consistency  some  other  effects  were  examined  which  might  be 
expected  to  increase  the  value  of  the  calculated  signal  ratio. 

Relatively  Hot  Fluorescent  Cell 

The  first  such  effect  that  we  considered  was  a  hypothetical  case  in  which  the 
fluorescent  cell  is  assumed  to  be  at  a  higher  temperature  than  the  absorption 
cell  due  to  its  proximity  to  the  hot  blackbody  source.  In  this  case  we  might 
expect  the  signal  ratio  to  increase  due  to  broadening  of  the  fluorescent  cell 
band  and  line  widths  relative  to  those  in  the  absorption  cell.  The  subroutines 
to  calculate  Xj  and  cp(x,a)  in  the  two  cells  were  modified  to  account  for 
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different  cell  temperatures  and  the  modified  program  was  run  for  fluorescent 
and  absorption  cell  tenperatures  373  and  29&  K  respectively.  The  modified 
program  was  run  for  data  case  No.  1  on  Table  3-2  and  the  results  are 


SIGNAL  RATIO 

DATA 

Process  I 

II 

III 

DATA 

CASE 

*R 

.37±.08 

.962 

.921 

* 

• 

CO 

r— 1 

H\ 

• 

Ml  .484 

1 

This  run  against  data 

case  1 

showed  that  the  relatively  hot  fluorescent 

hypothesis  would  not  explain  the  inconsistency  that  the  measured  signal  ratios 
Rj^  are  considerably  larger  than  the  predicted  ratios  and  R^  for  process  III. 
Based  on  these  results  runs  against  further  data  cases  were  not  performed  in 
order  to  reduce  computer  expense. 

Spatial  Diffusion  Effect 

We  also  tried  an  approximate  approach  to  include  diffusion  to  the  walls. 

The  approach  was  to  modify  So(l)  by  multiplying  it  by  the  real  part  of  the  in 
phase  solution  of  the  time  dependent  diffusion  equation. 


The  real  part  of  the  in  phase  solution  (see  Kumer  and  James,  IRA  4409F,  HASS 
report  lb.  70  for  terminology  and  definitions)  is  given  by 
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where 


(k*  +  v2)-1  {k  GR  +  w  Gx} 


oR 


G^  +  i  Gj  ■  1  -  e 


-axt 


-  e 


*R  +iAI 
Ajj  =  |a|  cos  (6/2) 

Aj  ■  |a|  sin  (0/2) 

^(k2  +  w2)/D 


|A| 

e 


tan”1  (w/ky) 


and  where  the  boundary  conditions 

'H;  -  "  st  h  ■ 0 


dn 


X  -  Of  at  Xp  « 

F 


/3  d/v„ 


2  -1 

Here  D  =  . l4  cm  sec  at  1  atm  Argon  partial  pressure  from  Hirschfelder, 
Curtis  and  Bird  ( 195*0,  and  a  —  0.7  from  Morse  and  Feschback  (1953),  and  v^, 
is  the  molecular  velocity  at  room  temperature. 

The  approximation  is  to  set  Sq  as  7)oR  S^,  normalization  is  automatically 
accounted  for  in  forming  the  ratios  Rp  and  R^.  Physically  the  diffusion 
'rounds  off"  the  steep  edge  near  Ap  ■  Lp  in  the  integrands 

S„<V  1  <1^  -  *Fl> 


and 


S(Xp)  “  Ap|) 
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which  occur  in  the  denominator  of  the  ratios  and  R^,  and  which  tend  to 
reduce  the  calculated  values  of  Rjj  and  R^. 


The  results  for  data  cases  1  and  2  are 


SIGNAL  RATIO 


DATA  PROCESS  I  PROCESS  II  PROCESS  III  QftTA 

CASE 


69±.03 

.961 

.906 

.516 

.563 

.556 

.580 

1 

37±.o8 

.94 6 

.841 

.169 

.180 

.220 

.226 

2 

We  see  that  accounting  for  the  effects  of  spatial  diffusion  also  does  not 
remove  the  inconsistency,  this  is  particularly  true  for  cases  such  as  data 
case  2  where  [ CO,, is  small  (0.5  Torr)  thus  decreasing  the  steepness  of  the 
edge  in  ST  near  =  Lp. 

Atmospheric  Transmission  Effect 

We  also  considered  the  effects  of  transmission  through  the  atmosphere  external 
to  the  cells  and  the  evacuated  housings  of  the  detector  and  the  blackbody 
source. 


The  elements  in  Figure  3 "17  are  backed  up  against  one  another  tightly  enough 
so  that  the  air  paths  that  the  4.3  pm  radiation  traveled  across  were  of  the  order  1 

or  less.  The  optical  depth  in  a  moderately  strong  line  over  this  distance  for 

-4 

a  mixing  ratio  “*  3.2  x  10  is  °*  .007  so  it  is  unlikely  that  this  effect 
could  inpact  the  analysis. 


I 


3.2.4  Conclusions 

The  data  the  ratio  of  the  fluorescent  4.3  Mm  signal  when  the  absorption 
cell  is  filled  to  the  signal  when  the  absorption  cell  is  evacuated,  are  larger 


contribution  to  the  signal  that  is  due  to  the  direct  fluorescence  process 
(3-6)  (or  I).  The  predicted  ratios  are  too  small  even  when  detailed  radiation 
transport,  wall  reflectivity,  temperature,  diffusion,  and  atmospheric 
transmission  are  accounted  for. 

The  implication  that  direct  fluorescence  is  contributing  significantly  to 
the  signal  is  in  contradiction  with  the  large  values  for  the  rate  constant 
for  process  (3-4)  that  are  reported  in  the  literature  (Finzi  and  Moore,  1975) 
and  aiso  in  contradiction  with  our  previous  analysis  (Kumer  and  James,  MA 
4409F,  HAES  No.  70)  of  the  variations  in  the  signal  as  a  function  of  blackbody 
source  chopper  frequency.  Our  current  laboratory  study  utilizing  the  powerful 
2.7  4m  laser  source  has  confirmed  the  rapid  rate  constant  for  process  (3-4) 
and  has  also  confirmed  our  previous  analysis. 

The  body  of  evidence  independent  of  the  measurements  of  which  suggest 
that  direct  fluorescence  does  not . contribute  significantly  to  the  4.3  \w 
measurements  in  our  initial  blackbody  experiments  has  became  firm  almost  to 
the  point  of  becoming  conclusive.  We  believe  the  root  of  the  inconsistency 
still  may  be  traced  to  some  subtle  consideration  in  the  analysis  of  the  data 
that  we  have  overlooked,  however,  it  is  obvious  we  do  not  at  present  know 
what  this  consideration  might  be. 


4.0  CONCLUSIONS  AND  RECOMMENDATIONS 

4.1  The  Laboratory  Effort 

In  our  initial  effort  to  use  the  tunable  2.7  (am  laser  source  to  excite  C0^ 
fluorescence  at  4.3  jim  we  have  shown  that  the  branching  ratio  for  re -emission 
at  4.J  jim  compared  to  re-emission  at  2.7  pm  is  approximately  equal  to  or 
greater  than  10: 1*  The  precision  of  this  lower  limiting  measurement  could 
be  improved  by  the  use  of  relatively  sinple  techniques  that  were  not  in  the 
scope  of  our  initial  effort,  namely  the  use  of  (l)  well  documented  techniques 
to  Improve  the  laser  frequency  stability,  (2)  the  mounting  of  a  2.7  pm 
filter  inside  the  detector  dewar,  (3)  a  multiple  pass  cell,  and  (4)  the  use 
of  faster  electronics  for  recording  the  2.7  pm  signal. 

Steps  to  improve  laser  frequency  stability  are  detailed  by  A.  Hordvik  and 
P.  B.  Sackett  (Appl.  Optics  1^,  1060,  1974)  and  include  (i)  determination 
of  an  optimum  0P0  tilt  angle  to  obtain  uniform  mode  structure,  (ii)  the  use 
of  an  etalon  in  the  0P0  cavity  to  isolate  a  single  output  mode,  and  (iii)  the 
use  of  an  externally  controlled  piezo-electric  crystal  to  shift  the  0P0  mode 
structure  in  either  a  ramped  or  a  manually  controlled  way.  Hordvik  and 
Sackett  describe  how  they  achieved  laser  frequency  stability  better  than 
.001  cm  ^  near  2.3  pm  for  hours  at  a  time  with  similar  equipment.  For  our 
purpose  we  could  improve  signal/npise  (S/N)  by  at  least  a  factor  4  if  we 
could  use  the  methods  of  Hordvik  and  Sackett  to  improve  our  pulse  to  pulse 
frequency  stability  to  within  0.002  cm  Cold  filtering  at  2.7  pm  could 
improve  S/N  by  at  least  a  factor  10,  use  of  a  multiple  pass  cell  by  at  least 
a  factor  5  and  the  use  of  fast,  quiet  electronics  by  at  least  a  factor  2 
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and  perhaps  by  as  much  as  a  factor  6.  The  increase  in  S/N  that  can  be 
expected  to  be  achieved  by  implementing  these  straightforward  techniques 
then  is  2  orders  of  mangitude  or  better. 


Additionally,  the  initial  effort  has  demonstrated  the  applicability  of  the 
laser  source  and  peripheral  vacuum  and  electronics  equipment  for  the  high 
precision  measurements  of  quenching  and  of  vibration  transfer  rate  co¬ 
efficients.  In  this  effort  a  precise  argon  quenching  rate  was  determined 
as  was  a  rate  for  rapid  resonance  vibration  transfer  between  the  naturally 
occuring  isotopic  species  of  CO^  and  N^. 

Hence  this  work  demonstrates  the  applicability  of  the  technique  for  the 
measurement  of  the  vibration  transfer  between  and  the  important  minor 
CCu  isotopes  636  628,  and  627.  This  measurement  directly  impacts 

accurate  prediction  of  the  time  dependence  of  nuclear  induced  CO^  ^.3 
emission  at  altitudes  <  90  km  in  the  atmosphere.  Use  of  a  variably  cooled 
fluorescence  cell  could  permit  vibration  transfer  measurements  over  a 
temperature  range  which  includes  realistic  mesopause 'temperatures.  The 
measurements  could  be  made  for  all  important  isotopic  species  of  CO^  as 
well  as  for  other  species  of  interest  such  as  NO,  N^O,  and  CO.  It  Is  not 
inconceivable  that  some  adaptation  of  the  equipment  could  be  used  to  study 
quenching  and  vibration  trans"  ~  for  short  lived  species  such  as  OH  and  N0+. 

Improved  laser  frequency  stability  and  acquisition  of  fast,  quiet  recording 
electronics  will  provide  a  nucleus  for  the  equipment  that  is  required  for  a 
laboratory  study  of  the  reactions 


< 


and 


C0o  t02^1}  +  M  -  C0„  (0221)  +  M 
d  10°1 

t0^1}  +  000  -*  011!  +  O^O  , 

10  1 

and  to  obtain  the  rate  of  rotational  redistribution  in  CO^.  The  reaction 
rate  measurements  directly  impact  LWIR  systems  requirements  and  the  measure¬ 
ments  of  rotational  redistribution  impact  high  altitude  non-LTE  nuclear 
infrared  interference  in  general. 

4.2  THE  DATA  EVALUATION  EFFORT 

Field  Data  Evaluation 

Our  evaluation  indicated  that 

a  prompt  auroral  emission  by  either  CO  or  N^O  can  produce  the  altitude 
dependence  of  auroral  zenith  radiance  data  in  the  4.5  to  b£  um  band  that 
were  recorded  by  a  rocket  borne  CVF  spectrometer  on  12  March  1975  provided 
that  these  species  are  abundant  enough  in  the  atmosphere  to  be  optically 
thick  below  about  100  km  for  their  vibrational  resonance  radiations  near 

4.6  and  4.5  nm  respectively.  Analysis  of  a  spectral  scan  obtained  at 

100.6  km  altitude  weakly  suggests  that  CO  is  the  more  likely  candidate. 
Also,  there  appeared  to  be  a  feature  in  these  data  near  4.42  urn  that  was 
clearly  not  due  to  C0,->,  N^O,  or  CO. 

The  requirement  on  optical  thickness  below  100  km  is  met  by  CO  on  the  basis 
of  independent  ground  based  microwave  data  analyzed  and  reported  by  Waters 
et  al  (1976),  on  the  other  hand  the  large  mixing  ratio  that  is 
required  to  achieve  appreciable  optical  depth  below  100  km  needs  to  be 
assumed  to  exist  for  N^O.  The  required  large  mixing  ratios  above  85  km 
for  N^O  and  CO  are  found,  necessarily,  to  be  accompanied  by  large  ambient 
lower  altitude  components  of  N^O  and  CO  radiance  as  the  result  of 
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excitation  by  collisions,  absorption  of  earthshine,  and  vibration  transfer 
from  that  has  become  excited  by  tapping  the  OH  airglow  via 

OH(v)  +  -  OH(v-l)  +  The  large  predicted  ambient  N^O  and  CO 

radiances  impose  severe  restraints  on  the  number  densities  of  No0  and 
CO  that  could  have  actually  existed  on  12  March  1975*  Analysis  of  a 
comprehensive  amount  of  the  12  March  1975  CVF  data  is  needed  to  quantify 
these  restraints,  however  at  this  point  we  can  say  that  major  modifications 
in  our  assumed  model  for  Q  are  called  for.  For  CO  the 
case,  at  this  point,  is  not  so  clear  cut. 


Also,  it  is  somewhat  of  a  puzzle  as  to  what  may  be  a  prompt  auroral 
mechanism  for  producing  N^O  or  CO  emission,  candidates  are 

»2(a)  +  02  -  «g0(00l)  +  0 


and 


NO+(v)  + 


NO+(v-l)  + 


The  second  mechanism  is  really  very  shakey  since  it  must  compete  with 


NO+(v)  +  N2  -  NO+(v-l)  +  N*  • 

The  vibration  transfer  process  should  be  more  rapid  for  the  molecules 
N^O  and  CO  than  for  since  N^O  and  CO  have  permanent  dipole  moments 
whixe  Ng  does  not.  The  question  is,  can  the  transfer  to  N^O  and/or  CO 
be  10^  times  faster  than  to  so  that  N^O  and  CO  can  receive  a  significant 
fraction  of  total  N0+  vibration  that  is  available? 
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Finally,  a  question  that  cannot  help  but  come  to  mind  with  regard  to  the  series 
of  features  at  4.3,  4.42,  and  4.6  jam,  and  some  weaker  ones  which  may  also  be 
present  at  longer  wavelengths  (but  shortward  of  the  NO  feature) ;  could 
these  features  be  a  temporary  instrumental  ringing  phenomena  that  degraded 
the  data  on  just  a  very  short  part  of  the  flight,  namely  when  the  rocket 

was  between  80  and  110  km  altitude  on  the  upleg? 

An  analysis  of  the  4.3  4m  data  was  also  performed  in  addition  to  the 

analysis  of  the  4.5  to  4.6  \m  data.  This  analysis  was  necessary  in  order 
to  determine  the  population  of  vibrationally  excited  so  that  the  contri¬ 
bution  to  N^O  and  CO  radiance  which  results  from  vibration  transfer  from 
NQ  could  be  calculated.  The  4.3  4m  data  proved  consistent  with  our 
established  model  for  this  wavelength  region.  In  particular  a  column 
vibration  transfer  rate  of  0.09  ergs/cm  sec  from  0H(v)  to  and  an 
efficiency  of  l6  vibrations ‘produced  per  auroral  ionization  event  was 
required  to  model  the  4.3  4m  data.  These  numbers  arc  consistent  with  our 
understanding  of  other  4.3  4m  data  as  described  in  our  previous  reports. 

To  better  understand  the  12  March  1975  data  in  the  4.4  to  4.7  4m  region 
it  will  be  necessary  to  (l)  examine  all  the  12  March  1975  spectral  scans 
to  search  for  the  existence,  and  if  found,  to  determine  the  altitude 
dependence  of  ambient  components  of  the  CO  and  N^O  radiances  in  order  to 
quantify  the  constraints  these  data  place  on  the  N^O  and  CO  mixing  ratios, 

(2)  examine  data  obtained  in  other  experiments,  such  as  HIRIS  and  SPIRE 
for  example,  in  order  to  determine  if  the  emissions  of  NgO  and/or  CO  are 
present  in  these  data,  and  if  so,  to  use  these  data  to  determine  the 

m 

abundance  of  NgO  and/or  CO  in  the  atmosphere,  (3)  examine  the  12  March  1975 


data  in  more  detail  in  order  to  see  if  there  is  indeed  a  real  feature 
present  in  these  data  near  to  4.42  pm,  and  finally  (4)  include  emission 
by  N0+  into  the  spectral  modeling  of  data  in  the  4  to  4.8  nm  region. 

Evaluation  of  Previous  Laboratory  Absorption  Data 

Absorption  data  obtained  in  our  previous  laboratory  effort  had  appeared 
inconsistent  with  the  chopper  frequency  dependence  of  data  obtained  in  the 
same  effort  and  with  data  reported  by  other  authors.  The  analysis  of  this 
data  however  had  been  restricted  by  the  scope  of  that  effort.  In  this  current 
effort  we  subjected  these  data  to  a  more  detailed  analysis  in  an  attempt 
to  resolve  the  inconsistency.  To  this  end  we  quantitatively  examined  the 
effects  of  detailed  radiation  transport,  wall  reflectivity,  tenperature 
differences  between  the  fluorescence  and  absorption  cell,  spatial  diffusion 
of  excitation  within  the  fluorescence  cell,  and  finally,  atmospheric  absorp¬ 
tion  on  exposed  optical  paths  adjoining  the  system  components. 

Taken  individually  each  of  these  effects  nudged  the  interpretation  of  the 
absorption  data  towards  consistency,  however,  the  sum  of  the  effects  is 
still  not  sufficient  to  resolve  the  inconsistency.  Additionally,  the 
absorption  measurements  are  also  inconsistent  with  our  most  recent  laboratory 
data  obtained  with  the  2.7  nm  laser  source.  We  can  only  conclude  that 
although  we  have  tested  every  effect  that  was  obvious  to  us,  there  is  still 
some  key  effect,  perhaps  geometric,  that  needs  to  be  accounted  for  to 
resolve  the  apparent  inconsistency  of  the  absorption  data. 
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